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Abstract


Among various photovoltaic devices, the poly 3, 4-ethylenedioxythiophene:poly styrenesulfonate (PEDOT:PSS) and silicon nanowire (SiNW)-based hybrid solar cell is getting momentum for the next generation solar cell. Although, the power-conversion efficiency of the PEDOT:PSS–SiNW hybrid solar cell has already been reported above 13% by many researchers, it is still at a primitive stage and requires comprehensive research and developments. When SiNWs interact with conjugate polymer PEDOT:PSS, the various aspects of SiNW array are required to optimize for high efficiency hybrid solar cell. Therefore, the designing of silicon nanowire (SiNW) array is a crucial aspect for an efficient PEDOT:PSS–SiNW hybrid solar cell, where PEDOT:PSS plays a role as a conductor with an transparent optical window just-like as metal-semiconductor Schottky solar cell. This short review mainly focuses on the current research trends for the general, electrical, optical and photovoltaic design issues associated with SiNW array for PEDOT:PSS–SiNW hybrid solar cells. The foremost features including the morphology, surface traps, doping of SiNW, which limit the efficiency of the PEDOT:PSS–SiNW hybrid solar cell, will be addressed and reviewed. Finally, the SiNW design issues for boosting up the fill-factor, short-circuit current and open-circuit voltage will be highlighted and discussed.
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1. Introduction


We are living in the era of industrialization, which requires s huge amount of energy and any technological advancement ultimately raises our standard of living and requires more energy. In order to fulfill the ever-rising demand of energy, the current fossil fuel resources are sharply depleting and will not be sufficient to maintain our future energy consumption [1,2,3]. It is generally agreed that the renewable energy resources are the best solution for future energy crisis. On the other hand, the environmental pollution and global warming are now seriously affecting our quality of life and insisting to adopt eco-friendly renewable energy resources. Among various renewable energy resources, solar energy is the best choice due to its diversity, environmentally friendly as well as many other benefits. Solar energy can fulfill the huge and never-ending demand to maintain our future energy consumption. For a simple example, the power received by the earth from the sun is 430 quintillion Joules in an hour and this amount is more than the energy consumption of the entire world in one year [4].



Silicon based photovoltaic technology is the most dominating technology and is holding 90% of the market share for the current photovoltaic industry [5]. Si is an excellent semiconducting material for solar cells due to its high stability, abundantly available, excellent UV–visible absorption and can be obtained in the purest form, which makes it an ideal semiconducting material for solar cells. The electrical, optical and photovoltaic properties of silicon depend on many important parameters such as wavelength of light, exciton diffusion length, exciton radius, phonon mean-free path, etc.



The shrinkage of one dimension of silicon (e.g., diameter for silicon nanowire (SiNW)) to less than the characteristics-length leads to the larger surface-volume ratio which significantly changes the behavior of nanostructured Si (SiNW) and very interesting physical phenomena are observed [6,7]. For example, bulk silicon is an indirect band-gap semiconductor, but the SiNW has a direct bandgap at most of its crystallographic directions, which makes SiNW array suitable for many optoelectronic applications. Therefore, researchers are continuously exploiting these behaviors of SiNW array for various promising applications such as solar cell [8], transistor [9], gas-sensor [10], photo-sensor [11], biomedical devices [12], electromechanical devices [13], battery [14], catalyst [15] and many other applications.



Simple SiNW array is insufficient for solar cell application and further requires some doping and annealing for effective p-n junction. Semiconductor doping and annealing are thermally extensive processes and require a vacuum furnace at very high temperature (850 to ∼ 1000    ∘  C) [16,17]. High temperature semiconductor processing is the main cause to increase the cost of conventional Si solar cell. Therefore, different alternative cheap solutions are being proposed, among which organic/polymer solar cells are considered by some researchers as one the most promising due to many other advantages such as low cost, light weight, flexible, tune-able and favor for large area applications. The power-conversion efficiency of polymer solar cell is still very low compared to Si solar cell.



The photovoltaic response of polymer solar cells is very complex in nature. When light falls on the surface of an active polymer p-n junction, optical absorption generates electron-hole pairs. The dielectric constant of Si (  ε ∼ 12  ) is much higher than polymer (  ε ∼ 3  ) therefore strong columbic force   F α  1  4 π ε     exists between bounded electron–hole pairs inside a polymer called exciton. Most of the excitons recombine before reaching their respective electrodes and they degrade the efficiency of solar cell. Great efforts are being carried out for the dissociation of excitons for the efficient polymer solar cell [18] and different ideas such as donor–acceptor heterojunction [19], very thin active layer deposition [20], incorporation of nanoparticle [21], quantum-dots [22], carbon-nanotubes [7] and nanowire [23] are reported in literature. Many researchers believe that the incorporation of nanowires inside polymer can provide efficient interfaces for the dissociation of excitons for polymer-nanowire hybrid solar cell [24,25,26].



For practical applications, it is essential to develop low temperature and low cost SiNW array based solar cells. Many scientists are hopeful that the polymer–SiNW hybrid solar cell may be the best choice for the next generation solar cell [23,24,25,26]. Polymer semiconductor has many advantages which are highly suitable for solar cell applications [27,28,29,30]. The processing of polymer solar cells is simple, cheap and at a very low temperature (even at room temperature) which makes it appropriate for mass production. For the fabrication of polymer–SiNW hybrid-solar cell the solution of polymer (p-type) is generally spin coated over the top of n-type SiNW array at room temperature.



Despite the great achievements, the polymer–SiNW hybrid solar cell is still in infancy laboratory stage. Like the history of other advanced photovoltaic technologies, researchers are paying more attention to improve the efficiency of the hybrid solar cell at this initial stage. Therefore, it is very difficult to compare the cost and lifetime of polymer–SiNW hybrid solar cell with conventional Si solar cell.




2. General Design of SiNW


2.1. p-n Junction Design


Nanowire-based solar cells can be classified into four well-defined types: (i) radial p-n junction (is also called core-shell p-n junction) [31,32]; (ii) axial p-n junction [33]; (iii) substrate p-n junction [34]; and (iv) stamped p-n junction [35] as shown in Figure 1. For nanowire-based hybrid solar cell, the design requirements of the other material are that it should be (i) a p-type material; (ii) able to passivate SiNW surfaces; (iii) is highly transparent and (iv) a highly conductive material. As PEDOT:PSS can fulfill all above requirements therefore it can be referred as the best choice for SiNW p-n junction and is reported by many researchers [36,37,38,39,40]. Each of the above p-n junction types as discussed above have some advantages and disadvantages but practically only the radial p-n junction can favor for the PEDOT:PSS–SiNW hybrid solar cell. From Table 1, where the highest performing polymer–SiNW hybrid solar cells are tabulated, it is observed that all these solar cells have PEDOT:PSS as a common polymer for SiNW array. Similarly, for each hybrid solar cell the PEDOT:PSS makes radial p-n junction with SiNW array because such radial p-n junction structure efficiently supports both the light absorption and carrier collection perpendicular to each other [41,42,43,44,45,46,47,48].




2.2. Vertically Aligned or Blended SiNW


There are two ways to incorporate SiNWs inside polymer, either polymer is spin coated over the top of vertically aligned SiNW array [35,36,40] or SiNWs are meshed with polymer as blend and are deposited over the surface of substrate [39]. Generally, it is observed that the vertically aligned SiNWs coated with PEDOT:PSS are the most favorable structure for highly efficient solar cells [51]. Vertically aligned SiNW arrays offer some advantages such as (i) provide a physical interface for the separation of exciton; (ii) improve optical absorption; (iii) ease of radial charge (electron) collection, [52]. Therefore, all high performing hybrid solar cells reported in Table 1 have vertically-aligned radial p-n junction for their photovoltaic response.




2.3. Fabrication of SiNW


Fabrication of nanowire (similarly SiNW) is not only a science but it is also an art, numerous fabrication techniques have already been reported. Generally, these fabrication methods can be classified with two well-define approaches (i) the bottom-up approach and (ii) the top-down approach [53,54]. Experimentally, it is observed that the bottom-up approach has some freedom of advantages regarding the nano morphology control as compared to the top-down approach. In the bottom-up approach, SiNWs are grown from seeds with additive manners. Vapor Liquid Solid (VLS) combined with chemical vapor deposition (CVD) is considered the best and the most commonly reported technique for the bottom-up approach [55,56,57,58]. Not only CVD, but many other techniques such as molecular beam epitaxy (MBE) [59], laser ablation [60], evaporation of silicon [61] are also used with VLS for the fabrication of SiNW array. Similarly, other techniques for the fabrication of SiNWs are also used under the title of bottom-up approach. These techniques are (i) oxide-assisted growth [62]; (ii) Solution-Liquid-Solid (SLS) [55] and (iii) template directed synthesis techniques [63].



In the VLS approach for SiNW fabrication, metal nanoparticle (e.g., gold nanoparticle) is used to catalyze silane (  S i  H 4   ) decomposition. First, the gold nano-particles are deposited over the top of Si substrate, which chemically react with Si surface atoms to form series of Au-Si alloy droplets. The Au-Si droplets continuously adsorb Si during vapor phase operation and lead toward the growth the SiNW array as shown in Figure 2.



For the top-down approach, SiNWs are carved (etched) from their substrate as shown in Figure 3. While lithography [64], direct reactive ion etching (DRIE) [65] and electroless etching (EE) [66,67,68,69] are the most frequently reported techniques for the top-bottom SiNW fabrication approach. Metal assisted chemical etching (MACE) method is comprehensively reported for the development of the SiNW array especially for PEDOT:PSS–SiNW solar cell application. The Table 1 shows that all the best performing hybrid solar cells have SiNWs fabricated by MACE method. Such method has offered many advantages such as (i) low cost; (ii) very simple; (iii) precisely controlled, highly ordered; (iv) vertically aligned SiNW array; (v) versatile and (vi) large area photovoltaic applications [70,71]. Similarly, using of etchant for MACE method makes SiNW surface very rough and porous, which is highly desirable for optical response of SiNW array [70,72]. However, a noticeable variation in design parameters of SiNWs such as diameter, length, doping, surface defects, etc. are observed when SiNW array is fabricated by MACE or CVD for hybrid solar cell [71]. Similarly, some periodic inconsistencies in the diameter of SiNWs as Si whiskers is also observed when SiNWs are grown by VLS method [73]. For top-down approach, mostly n-type bulk single-crystal silicon wafer is used for the fabrication of the PEDOT:PSS–SiNW solar cell.




2.4. Reduction of Surface Trap States


The electrical, optical and photovoltaic response of silicon nanowire based electronic devices depend on the surface trap states of SiNW because of high surface-volume ratio. These surface trap states (are also called imperfection surface states) are just twinning, stacking or dangling bonds created by strain, structural defects, oxidation-induced defects, catalyst situated at grains, metal impurities and are grown during SiNW fabrication process either by VLS or by etching methods [74,75,76]. Furthermore, SiNW has many localized surface states in addition to these structural defect sates. Single crystalline periodic nature of Si creates the energy band structure and the abrupt termination of this band structure at nanowire surfaces causes to generate localized energy surface states and may become the source of free carrier recombinations just as defect states. Similarly, the SiNWs grown from bottom to up approaches are mostly polycrystalline or amorphous in nature and therefore their surfaces are also full of localized surface traps [77].



Surface states, a combination of both defective and localized states, offer many complexities for solar cell applications. Some of these complexities are uniquely associated with nanowires such as (i) these traps are in large quantity; (ii) uniformly distributed; (iii) exist on the depletion region on the surface; (iv) have multiple facets with different crystal orientations; (v) may become unpredictable due to quantum confinement and (vi) have unpredictable surface potential due to high volume-surface ratio.



The recombination losses for PEDOT:PSS–SiNW solar cell depend on the both dark and photo-current recombination losses. Most photo charges are generated inside SiNWs and very few are generated inside PEDOT:PSS polymer. The dark electron-current is blocked and therefore very few dark-current recombination losses are taken place inside bulk PEDOT:PSS region. However, the SiNW surfaces are full of traps and contribute a major role for recombination losses. Most of these surface traps become the source of electron–hole recombination and lower the carrier diffusion length and mobility for nanowire. Therefore, they degrade photovoltaic parameters and hence severely reduce the power-conversion efficiency of PEDOT:PSS–SiNW solar cell [78].



The main issue with surface trap states is that it is very difficult to control during the device fabrication process and the available remedies are only to manage these trap states. Two most common approaches are used to reduce the effects of these surface traps of SiNW such as to passivate the nanowire surfaces and/or shrink the surface area of nanowires (nano-cone, pyramid, tapered-nanowire, etc.) [79,80]. Passivation is commonly performed in which some molecules are tried to attach at the surfaces of SiNWs and many robust materials are reported for passivation such as silicon-nitride (  S i  N X   ) [81], hydrogenated amorphous-silicon (  a − S i : H  ) [82] and thin-film of amorphous aluminum-oxide (  a − A  l 2   O   3  ) [82]. Among these materials, amorphous Si (  S i  N X   ,   S i  O 2   , etc.) shows the best performance therefore Wang et al. performed two step passivation, in the first step SiNW are treated with   O 2   plasma and in the second step SiNWs are passivated with   S i  O 2    for PEDOT:PSS–SiNW solar cell [83]. Recently organic molecules are also reported for silicon nanowire passivation [84] and even solute PEDOT:PSS is also reported as a passivating material [85]. On the other hand, PEDOT:PSS is not only passivate the surface traps of SiNW but it also copes the stacking as well as twinning defects of SiNWs without requiring any lattice matching for PEDOT:PSS–SiNW solar cell [49]. Generally, the passivating materials are also used to suppress the interface chemical reactions and traps states between PEDOT:PSS and SiNWs to improve the efficiency, reliability and stability of PEDOT:PSS–SiNW solar cell [50].



It is experimentally as well as theoretically observed that the functional groups of passivating material hybridized the surface valence band of SiNW and cause to reduce the energy bandgap especially for low diameter nanowire [86]. The diameter of SiNW can be manipulated by controlling thermal oxidation time during the fabrication process. On the other hand, the work function of PEDOT:PSS can also be tailored by changing the content of PSS [87], hence the optimum band structure of both materials can be tailored for a highly efficient PEDOT:PSS–SiNW solar cell.




2.5. Doping of SiNWs


Doping is one of the most influential parameters for the designing of p-n junction for SiNW-based solar cell [88]. The conventional methods of doping like thermal diffusion as well as ion implantation are not suitable to realize good quality shallow p-n junctions for 3-D SiNWs, because ion implantation method causes serious lattice-defects and thermal-diffusion process fails to create sharp interfaces for p-n junction. For n-type doping for SiNW array, different approaches are used for top-bottom and bottom-up methods. In etching method, n-type silicon wafer as substrate is used with required doping concentration, while for VLS method SiNW are doped by introducing phosphine (PH   3  ) gas as precursor during in-situ process [89]. The incorporation of phosphine during VLS process disturbs the SiNW growth behavior (hence morphology) which in turn causes to change the SiNW surface energy [90]. This change of surface energy is the main cause of faceting, which is detected on the surface of SiNW grown by VLS method and the observed faceting is the direct function of doping concentration [91]. As compared to the intrinsic, the phosphine lowers the growth rate of doped SiNW by 8% and the maximum doping of SiNW can be achieved up to   1.5 ×  10 20    cm    − 3    due to the limitations imposed by the solubility and thermodynamic process during VLS method [89,90,91,92].




2.6. Removing SiNW Agglomeration


The photovoltaic response of PEDOT:PSS–SiNW solar cell is severely degraded in the presence of agglomerated SiNWs. When PEDOT:PSS is deposited on the top of agglomerated SiNW array, then it covers only bundles of SiNW array and can not penetrate into the bottom of individual SiNW inside the agglomerated SiNW due to the unavailability of physical spaces to reach their bottom. This uncovered space at the bottom of SiNW is occupied by voids and degrade the charge transport process inside PEDOT:PSS [33].



In most of the cases when SiNW length is increased beyond a certain extent then the upper portion of the nanowires tends to combine and form bundles as shown in Figure 4. Formation of bundles depends on the two attractive forces i.e., van der Waals and capillary forces; these forces try to attract the vertically aligned SiNWs arrays [93]. As free-standing SiNW array has very strong mechanical support at their bottom, therefore the top part of SiNW array mechanically bends and tends to agglomerate under the influence of these forces as shown in Figure 4. Zhao et al. have investigated that the size of nanowire cluster depends on the nanowire length, diameter, density, surface tension and many other factors during the fabrication process [94].



The agglomeration of SiNWs is a serious problem for high efficiency PEDOT:PSS–SiNW solar cells and may create some other limiting issues such as (i) PEDOT:PSS does not penetrate into the bottom of SiNWs inside the bundle and hence a void of insulating vacuum or entrapped air is created to deteriorate the charge transport process; (ii) also degrades the electrical and optical properties of SiNW array [95] and (iii) causes to increase the series-resistance and decrease the shunt-resistance of a photovoltaic device [88]. Therefore, it is highly recommended to overcome the agglomeration of SiNW for efficient PEDOT:PSS–SiNW solar cells [96]. In literature, three different approaches are commonly being used to avoid agglomeration



	
By using low surface tension solvent: As agglomeration of SiNW is a direct function of solvent used during etching process, therefore low surface tension solvents instead of water ( surface tension = 75.64 mN/m) are used to avoid agglomeration during the etching process [97]. These solvents are generally ethanol (surface-tension = 22.27 mN/m), methanol (surface-tension = 22.6 mN/m), n-hexane (surface-tension = 18.4 mN/m), n-octane (surface-tension = 21.8 mN/m), etc.



	
Post-treatment after fabrication of SiNWs: In this method agglomerated SiNW are separated either by wet or dry etching treatment. In wet etching technique, Potassium Hydroxide (KOH) or Tetra Methyl Ammonium Hydroxide (TMAH) solution is used to taper the top agglomerated bundle of nanowire. Generally, KOH is the better option as compared to the TMAH [98,99]. In dry etching method, the agglomerated SiNW are separated by passing them through a dry-phase post plasma treatment in an RIE system, but the main drawback of this method is the creation of defects on the surface of SiNW.



	
Togonal method: Togonal et al. has proposed a simple two step process for the fabrication of SiNW by etching method which can improve the top agglomeration of SiNWs. In the first step, the Si substrate is hydropholically pre-treated before the etching process and then the already developed SiNW array is hydrophobically post-treated in the second step. It is well-reported that these steps can lead to the formation of SiNW array with high density and larger nanowire-length with very little agglomeration [100].







2.7. Large Area Application


Commercial point of view, those solar cells which have large-area and fulfill other efficiency requirements can have the potential to replace the wafer-based conventional Si solar cell. For polymer–nanowire hybrid solar cell, both PEDOT:PSS and SiNW inherently support the large area fabrication process. Therefore, for the fabrication of large area PEDOT:PSS hybrid solar cell, the SiNW array is mostly fabricated by metal-assisted electroless etching and then PEDOT:PSS is simply spin coated over the large-area SiNW array. Generally, the solar cell with active area above 1 cm   2   is consider for large area solar applications and many researchers have already fabricated various large-area PEDOT:PSS–SiNW solar cells [95,101,102,103,104]. Kwang-Tae et al. have reported large-area (6 × 6 cm   2  ) PEDOT:PSS–SiNW solar cells with PCE 13.2% but still the long term stability is a serious issue and needs to be solved for further progress [105].




2.8. Stability of Hybrid Solar Cell


It is extensively reported that like other conducting polymers, the PEDOT:PSS also faces some stability issues for PEDOT:PSS–SiNW hybrid solar cells [27,106,107,108]. Therefore, the performance of PEDOT:PSS–SiNW hybrid solar cell degrades as PEDOT:PSS reacts chemically even in the presence of normal humidity and oxygen level. In the acidic environment the oxygen forms   O O  H +    complexes and leads to the following chemical reactions [109]


PEDOT + OOH+ → PEDOT+ + OOH*










PEDOT+ + OOH* + H+ → PEDOT2+ + H2O2








Such chemical reactions aggressively degrade the photovoltaic response at high degree of self-heating and the main sources of self-heat generation are non-radiative recombination, light absorption and joule heating inside the hybrid solar cell [110]. As discussed above, most of the passivating materials can also suppress the oxidative chemical reactions between PEDOT:PSS and SiNWs in addition to lower the recombination losses in order to enhance the reliability and stability of the PEDOT:PSS–SiNW solar cell [111]. Yu et al. used 1,1-bis[(di-4-tolylamino)phenyl]cyclohexane (TAPC) layer as intermediate passivating material between SiNW and PEDOT:PSS for a 13.1% efficient solar cell and it is observed that TAPC suppress the oxidation chemical reaction as well as interface traps for an efficient and stable hybrid solar cell [50].





3. Electrical Design of SiNW for Hybrid Solar Cell


The current (I)-voltage (V) characteristics of a solar cell under the influence of applied electric field is considered as a dark-current or simple electrical response of a solar cell. The PEDOT:PSS–SiNW solar cell behaves like a metal-semiconductor Schottky diode and can be modeled with one-diode equivalent circuit. Where, the diode parameters such as series resistance   R S  , shunt resistance   R  S H    and diode ideality-factor (n) are co-related as to define their electrical response [112,113,114].


  I =  I L  −  I o   e x p    V + I  R S    n  V T     −   V + I  R S    R  S H      



(1)




where    V T  =   k T  q    is the thermal voltage, T is ambient temperature, k is Boltzmann constant,   I o   is saturation current and   I L   is photo-current. Just like optical, the designing of electrical response of PEDOT:PSS–SiNW solar cell is also very important to realize highly efficient hybrid solar cells and it depends on both the electrical properties of PEDOR:PSS as well as SiNW array. For efficient SiNW electrical response, the two issues that must be addressed are the minority carriers’ diffusion-length should be long enough and the recombinational losses should be minimum. For bulk silicon, the minority carrier lifetime is not so bad as compared to PEDOT:PSS (>10 ns), but for SiNWs it is a direct function of nanowire’s diameter, the higher diameter means higher the minority carrier’s diffusion length. Similarly, the optical absorption is also improved with increasing the diameter as well as the length of SiNWs [115]. On the other hand, the major sources of recombination losses are the density of surface traps, which are distributed throughout the nanowire surfaces. When diameter and length of SiNW is increased then the surface-volume ratio is also increased and hence surface traps are also multiplied. Therefore, optimum nanowire diameter and length is needed for efficient PEDPT:PSS–SiNW solar cells [116,117].



Despite the removal of SiNWs agglomeration at the top, the PEDOT:PSS still fails to penetrate completely into the bottom of SiNWs which reduces the contact area between PEDOT:PSS and SiNWs and as a result voids are formed. Electrical and hence photovoltaic parameters are affected by these voids. Lu et al. proposed a simple but efficient idea by filling SiNW array with ethanol for proper coverage of PEDOT:PSS especially at the bottom of SiNWs [40].



3.1. Diode-Ideality Factor


Among other parameters, the diode ideality factor ( n ) is used to define the degree of quality between PEDOT:PSS–SiNW interfaces in term of surface traps [23,114,117,118]. Higher surface traps between PEDOT:PSS–SiNW interfaces leads to the higher recombination losses and hence higher will be the diode ideality-factor   ( n ≥ 1 )  , while   n = 1   is used for an ideal diode (means no traps and no recombination losses). It is observed that the diode ideality factor can be improved by passivating the surface of SiNWs [119].




3.2. Shunt Resistance


Shunt resistance (  R  S H   ) is the symbolical representation of the leakage current resistance, large value of shunt resistance imply strong resistance to the undesirable leakage current in the PEDDOT:PSS–SiNW solar cell. The shunt resistance of a solar cell can be calculated from the slope at   J  S H    point on their photo current–voltage response as


    d I   d V    ∣  J  S H    = −  1  R  S H     



(2)







Small value of the shunt resistance causes to lower the fill-factor and open-circuit voltage and then power-conversion efficiency of a solar cell. Therefore, it is necessary to increase the shunt resistance for an efficient PEDDOT:PSS–SiNW solar cell. Generally, the low value of shunt resistance or large shunt-leakage current occurs in PEDDOT:PSS–SiNW solar cells due to high density of a surface traps and impurities between PEDDOT:PSS and SiNW interfaces, which can be improved by applying passivation on SiNW surfaces [83,120]. As higher nanowire length or diameter cause to enhance the surface trap density and impurities therefore very low shunt resistance is reported for such hybrid solar cell [120].




3.3. Series Resistance


The high series resistance (  R s  ) in PEDDOT:PSS–SiNW solar cells also causes to lower the fill-factor and short-circuit current and hence power-conversion efficiency of a solar cell and the value of   R  S H    can be estimated from the slope at   V  O C    point on their photovoltaic response.


    d I   d V    ∣  V  O C    = −  1  R S    



(3)







The series resistance in a PEDDOT:PSS–SiNW solar cell is the combination of three resistances, (i) resistance of bulk region of both SiNW and PEDOT:PSS region; (ii) the contact-resistance between SiNW and silicon substrate and the contact-resistance between PEDOT:PSS and anode metal; and finally (iii) the resistance of the cathode and anode metal contacts itself. As conducting polymers are inherently high resistivity materials compared to single-crystal doped silicon [121,122], therefore the n-SiNW role is negligible and   R S   is dominantly contributed by either bulk or contact resistance of PEDOT:PSS for the PEDDOT:PSS–SiNW solar cell. The contact resistance and the conductivity can be improved by many methods as reported in [123,124].





4. Optical Response of SiNW for PEDOT:PSS–SiNW Solar Cell


Compared to electrical, the optical properties are a strong function of the SiNW’s length (L), diameter (D) and periodicity (P) for the PEDOT:PSS–SiNW hybrid solar cell. The SiNW structure offers unique optical properties of direct and tuneability of energy bandgap either by reducing the diameter or by using the passivation of nanowire. These properties make SiNWs as an ideal choice for high efficiency PEDOT:PSS–SiNW solar cell [81]. The PEDOT:PSS behaves like a transparent electrode and provides an optical window to SiNW array for photovoltaic response. The optical parameters of PEDOT:PSS–SiNW such as reflection (R), absorption (A) and transmission (T) are not only a function of incidence angle   ( θ )   but are also the wavelength function of the incident light as shown in Figure 5. For most of the practical cases the transmission losses for the PEDOT:PSS–SiNW solar cell are negligible due to thick substrate and as well as back substrate electrode. Therefore, these optical parameters can be determined as


  A  θ , λ  = 1 − R  θ , λ  − T  θ , λ   



(4)







Absorption of photons inside the SiNW array is a stochastic process and the probability of the photon absorption rises sharply with the enhancement of optical diffusion length. Enhancement of optical diffusion length depends on the multiple reflection of photons inside SiNWs for PEDOT:PSS–SiNW hybrid solar cell. Therefore, the optical absorption performance can be explored with the help of optical reflectance measurements.



The SiNWs show excellent antireflection response for the PEDOT:PSS–SiNW solar cell. However, a strong antireflection response cannot provide a guarantee for higher optical absorption because the fruitful absorption of the cell is hindered by the parasitic absorption by substrates, electrode–substrate interfaces and defects of nanowire surfaces. On the other hand, the PEDOT:PSS–SiNW junctions play some beneficial role for further optical absorption due to the smooth change in the refractive index between air, PEDOT:PSS and SiNWs array [125].



When light falls on a PEDOT:PSS–SiNW solar cell as shown in Figure 5, the optical interferences play some role to define specific diffraction-patterns. These diffraction-patterns influence the wavelength dependent optical response especially light trapping of PEDOT:PSS–SiNW solar cell [126]. Under the influence of these patterns the optical path is increased due to the multiple scattering inside SiNW array (light trapping) before either absorption or transmission outside the array. The quality of light trapping depends on the incident wavelength   ( λ )   and the dimension of SiNWs (as PEDOT:PSS offers optical window for SiNW array) yields to the three possible cases. These cases are: (i) when periodicity of nanowire is higher than the incident wavelength   ( P ≫ λ )   then the shorter wavelength (high energy photons) offers higher optical losses because of higher reflection and transmission; (ii) when  λ  is very close to the dimension of SiNWs   ( λ ≈ P )  , then the light trapping is improved with little transmission and finally (iii) when incident wavelength is larger than the periodicity of nanowire   ( λ ≫ P )   than the longer wavelength (low energy photons) faces few scattering before absorption. Figure 6 clearly demonstrates the three well-define regions for both absorption as well as reflection of the PEDOT:PSS–SiNW solar cell.



The graded refractive index (GRI) based on SiNW array strongly suppresses the optical reflection as compared to the conventional silicon thin film [98,127,128]. The tapered, nano-cones, pyramid, etc. based SiNW array with PEDOT:PSS for hybrid solar cell offers a unique architecture of GRI to supress the optical reflection and hence improve the absorption, many researchers have already reported such architecture for an efficient PEDOT:PSS–SiNW solar cell [128,129]. The light trapping of the SiNWs is directly affected by the degree of randomness in the diameter and as well as the spacing between nanowires. Generally the SiNW array which has various distributions of diameter, spacing and growth direction demonstrates a very strong light absorption compared to highly ordered SiNWs for solar cell [130,131]. The fabrication of random SiNWs is a relatively a simple task, by paying no special attention to make them ordered as SiNW fabrication naturally involves many random processes [132,133,134]. The improved optical and photovoltaic response is also observed for many efficient PEDOT:PSS–SiNW solar cells where disordered SiNW arrays are used.



Not only geometry but also the orientation of SiNWs either as inclined (tilted, slanted) or vertically aligned plays a role for improved light trapping and therefore strong optical absorption is observed for inclined SiNW array [135,136,137,138,139]. Hong et al. performed comprehensive simulation and modeling and discovered that the uppermost optical absorption efficiency of slanted SiNW (P = 800 nm and   D / P   = 0.7) is 33.45%, compared to vertically aligned SiNW (which is close to 28.36%) [140]. Such optical absorption improvements for slanted SiNWs can be attributed by the excitation of other additional optical resonant modes [136]. Despite higher efficiency, slanted SiNW array is highly unsuitable geometry for PEDOT:PSS–SiNW solar cells due to many reasons: (i) lack of deep penetration of PEDOT:PSS towards the bottom of SiNWs, (ii) well-designed and vertically aligned SiNWs can sufficiently offer good optical absorption and (iii) the most important reason is that the fabrication of slanted SINW with specific angle is sometime difficult task and very limited fabrication options are available. Therefore, negligible slanted SiNW arrays for PEDOT:PSS–SiNW solar cells are reported.



Optical reflection as well as absorption is also the function of nanowire length for PEDOT:PSS–SiNW solar cells as shown in Figure 6 [93]. The figure clearly demonstrates that both reflection and absorption spectra are significantly improved for PEDOT:PSS–SiNW solar cells compared to planar PEDOT:PSS–SiNW due to many reasons as discussed above. Similarly, it is also observed the highest SiNW length solar cell shows the best suppression and hence absorption of light between   ≈ 250   to 1000 nm wavelength. On the one side, the optical absorption is improved at higher lengths of SiNWs, while on the other side the higher length also offers higher surface traps to degrade the electrical and photovoltaic response, therefore optimization of SiNW’s length is required for an efficient PEDOT:PSS–SiNW solar cell.




5. Photovoltaic Design of SiNW


When light falls on a p-n junction, electron–hole pairs are generated and are traveled to their respective electrodes under the influence of internal potential and give rise some electricity, this process is referred as photovoltaic response of given p-n junction as shown in Figure 7 [141]. Similar to other solar cells, the photovoltaic response of PEDOT:PSS–SiNW hybrid solar cell consists of five main steps: (i) absorption of photons; (ii) generation of electron–hole pairs; (iii) dissociation of excitons; (iv) transportation of free carriers and v) collection of free carriers at respective electrodes [142]. The power-conversion efficiency (PCE) of a solar cell depends on all of these steps and can be summarized in three parameters: short-circuit current   J  S C   , open-circuit voltage   V  O C    and fill-factor (FF). The PCE of a solar cell can be defined as the ratio between maximum power delivered to the input power   P  I N    as shown in Figure 7.



5.1. Photovoltaic Mechanism of PEDOT:PSS–SiNW Hybrid Solar Cells


The energy-band diagram of a PEDOT:PSS–SiNW hybrid solar cell is a very useful tool to understand the mechanism of charge separation and carrier transport process as shown in Figure 8. The PEDOT:PSS is a conducting polymer that has a work function of   4.9   eV (Eg   ∼ 1.6   eV, Highest Occupied Molecular Orbital (HOMO)   ∼ 3.3   eV, Lowest Unoccupied Molecular Orbital (LUMO)   ∼ − 4.19   eV) and heavily doped PEDOT:PSS–SiNW is used for the hybrid solar cell [106]. Just for qualitative discussion, the bulk energy bandgap of silicon is used here because SiNW energy bandgap is little different from bulk Si energy bandgap. Generally, SiNW energy bandgap depends on the nanowire diameter and its crystallographic direction [75,143]. When PEDOT:PSS–SiNW solar cell is illuminated, most of the photons are absorbed by SiNW, as PEDOT:PSS is a transparent material and SiNWs show excellent optical absorption. This is mainly due to multiple reflection by nanowires inside array which enhanced optical length for absorption [144,145]. Generally, heavily doped PEDOT:PSS is used and a depletion region is formed inside n-type SiNWs and hence optical absorption in this depletion region cause to generate large number of photo electron–hole pairs. The PEDOT:PSS–SiNW depletion region splits the photogenerated electron and holes and causes a photo-current. Consequently, two but opposite direction photo current (  I L  ) and dark current (  I D  ) flow inside the hybrid cell. Due to the   E C   level mismatch between Si and PEDOT, the   I D   is blocked by PEDOT:PSS and reflected back to the cathode. The blocking of the   I D   is significantly improved by using external layer of passivation across SiNWs [29]. On the other hand, the dark hole current flows through PEDOT:PSS toward anode as a result of the valence-band matching of both polymer and nanowire. The overall flow of currents leads to the short-circuit current and open-circuit voltage as shown in Figure 8 [146].




5.2. Effects of SiNW’s Surface Traps


The recombination losses for PEDOT:PSS–SiNW solar cells depend on minority carriers diffusion length. The effective carrier diffusion length   L  e f f    is directly proportional to the carrier life time   τ  e f f    as [147]


   L  e f f   =   D  τ  e f f      



(5)




where, D is the diffusion coefficient of carriers inside SiNW. If  ϕ  and   τ b   are the SiNW diameter and Si bulk carrier life time then the effective carrier life time   τ  e f f    can be co-related to the surface recombination velocity S as


   1  τ  e f f    =  1  τ b   +   4 S  ϕ   



(6)







Above equation clearly demonstrates that the lower value of the minority carrier life time gives higher recombination velocity and hence higher losses. When light falls on the PEDOT:PSS–SiNW solar cell then a large number of photo charges are generated inside SiNWs compared to PEDOT:PSS polymer. As shown in Figure 8, the dark electron-current is blocked and therefore very few dark-current recombination losses are taken place inside bulk PEDOT:PSS region. However, the SiNW surfaces are full of traps and high surface-volume ratio cause to increase the surface recombination velocity and hence losses. Most of these surface traps become the source of electron–hole recombination and lower the carrier diffusion length and mobility for nanowire as stated by above equations. At the same time, all these parameters also degrade the photovoltaic response and hence severely reduce the power-conversion efficiency of the PEDOT:PSS–SiNW solar cell [148].




5.3. Improvement in PV Response


As discussed above, the photovoltaic response of PEDOT:PSS–SiNW solar cell depends on   J  S C   ,   V  O C    and FF. The   J  S C    of PEDOT:PSS–SiNW solar cell is a function of the optical absorption, charge separation at PEDOT:PSS and SiNW interfaces and charge collection at respective electrode. Charge collection from SiNW to cathode and from PEDOT:PSS to anode can be optimized by applying different electrode engineering methods [49]. The main reasons for poor photovoltaic performance of PEDOT:PSS–SiNW solar cell is the SiNW surface recombination losses due to inefficient SiNW surface passivation, excessive agglomeration of SiNWs, lack of proper PEDOT:PSS coverage across SiNWs and inadequate design of solar cell.




5.4. Improvement in   J  S C   


The PEDOT:PSS is a conducting p-type polymer, it has very low mobility as charges are hopped from one molecular-chain to other molecular-chain similar to other conducting polymers [149,150]. The PEDOT:PSS can passivate but still proper passivation is required for SiNW surfaces. PEDOT:PSS provides an electric path to free carriers after exciton separation at PEDOT:PSS–SiNW interfaces for higher short-circuit current. Similarly, if the coverage of PEDOT:PSS is not proper along SiNW surfaces (specially at bottom side) then it has very high probability of recombination losses, which severely degrade the short-circuit current [151].



In order to improve the coverage of PEDOT:PSS along SiNWs, different solutions have been reported such as removing the agglomeration of SiNWs [127], tuning the density of SiNWs [78], using nanocones SiNWs [152], using tapered SiNWs [80], using micro-pyramid silicon wire [153], fabrication of SiNWs by template method [128] and so on. Despite of these techniques, the efficient coverage of PEDOT:PSS along SiNW is still a challenging task due to the (i) agglomeration of the long nanowires; (ii) polymeric nature of PEDOT:PSS (large molecular chain) and (iii) fast drying process of PEDOT:PSS [154] and therefore, comprehensive research is required.




5.5. Improvement in   V  O C   


The photovoltaic parameters such as short-circuit, open-circuit voltage and fill-factor are inter-related to each other and therefore in literature various techniques which are used to improve the short-circuit current can also use to improve the open-circuit voltage at the same time for solar cell [155,156,157]. From equivalent circuit (see Equation (1)), the   V  O C    is equal to the voltage across   R  S H    subtracted by the voltage drop across   R S   and higher the   R  S H    give higher   V  O C    (Ohms law). Where   R  S H    is directly related to the leakage current resistance, so reducing the leakage current (  J O  ) will give higher   V  O C    as evident from the bellow equation,


   V  O C   =    k T  q      J  S C    J O   + 1   



(7)




where q is charge, k is Boltzmann constant and T is ambient temperature. The recombination losses at SiNW surface traps are the main source of leakage current and SiNW passivation is the best and simple way to improve   V  O C    as well as   J  S C    for the PEDOT:PSS–SiNW solar cell. Therefore, it can be inferred that improvement in   J  S C    also improves the   V  O C    as evident from Equation (7). Yu et al. used 1,1-bis[(di-4- tolylamino)phenyl]cyclohexane (TAPC) to passivate SiNW surface for PEDOT:PSS–SiNW solar cells to enhanced   V  O C    and FF leads to PCE up to   13 %   [50]. Generally, the passivation of SiNW surface is used to improve the open-circuit voltage, fill-factor as well as short-circuit current. According to a rough estimation, the FF and   V  O C    can be further enhanced up to 15–20% by suppressing the surface trap states by the order 2 in magnitude, which is not a difficult task by using conventional semiconductor processing technologies. Zhang at. al. passivated the silicon pyramid by hydrogenated-amorphous silicon for the PEDOT:PSS–Si hybrid solar cell for the enhancement of open-circuit voltage from 548 mV to 620 mV and as a result the PCE is improved from 8.3% to 12%, respectively. He further improved the open-circuit voltage toward 634 mV with PCE 16.1% by using inverted structure and proved that the proper optical utilization through inverted structure can also be used to improve the open-circuit voltage [158]. Similarly, Jiang et al. reported that low filling (larger periodicity) of SiNWs with PEDOT:PSS create a strong inversion layer close to the SiNW surfaces and this inversion layer reduces the surface recombination losses and hence improved open-circuit voltage and FF leads to efficiency up to   13.11 %   [51].





6. Conclusions


In this review, we primarily concentrate on the general, electrical, optical and photovoltaic design issues of the SiNW array for efficient PEDOT:PSS–SiNW hybrid solar cells. The photovoltaic response of PEDOT:PSS–SiNW is very complex in nature and many design issues of the SiNW array are required to optimize the solar cell for higher efficiency. The radial p-n junction with vertically aligned SiNW is the most favorable structure as it offers optical absorption and carrier collection separately to each other for PEDOT:PSS–SiNW hybrid solar cells. The randomness of SiNWs also plays a vital role along with its geometry and direction, which improves light trapping and strong optical absorption for the PEDOT:PSS–SiNW hybrid solar cell. The photovoltaic response of a hybrid solar cell is degraded in the presence of SiNW’s surface trap states, which are the major sources of leakage current for recombination losses. These traps states can be reduced either by using the various passivation techniques or by reducing the surface to volume ratio by tapering the SiNWs. Although PEDOT:PSS can passivate, a separate passivation for SiNW surfaces is required before PEDO:PSS deposition over SiNW array. The passivation of SiNW not only improve the short-circuit current, fill-factor but also enhance the open-circuit voltage and hence power-conversion efficiency of the PEDOT:PSS–SiNW solar cell. The proper passivation blocks the oxidative chemical reaction between PEDOT:PSS and SiNW and causes to improve the stability of the hybrid solar cell. The coverage of PEDOT:PSS along a SiNW is very serious concern and severally degrade the photovoltaic response, which can be improved by removing the top agglomeration of SiNW by using the alkali treatment of SiNWs for hybrid solar cell. We believe that this review will help our researchers, experimenters and especially freshers to design and fabricate the high efficiency PEDOT:PSS–SiNW hybrid solar cell.
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Figure 1. Different types of nanowire-based solar cells (a) radial p-n junction; (b) axial p-n junction; (c) substrate p-n junction and (d) stamped p-n junction solar cell. Radial p-n junction is the most favorable p-n junction for PEDOT:PSS–SiNW hybrid solar cells. 
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Figure 2. Schematic diagram of Vapor Liquid Solid (VLS) process for growth of SiNW; (A) deposition of Au thin film; (B) formation of Au-Si to alloy droplet; (C) growth of a silicon nanowire. 
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Figure 3. Schematic diagram for the fabrication of SiNW by etching method. 
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Figure 4. Shows the SEM images of side-view and top-view (inset) of SiNW fabricated by chemical etching method. When etching-time is doubled (30 min to 60 min) then the length of SiNW is also double (from 4  μ m to 8  μ m) but the SiNWs of higher length are agglomerated [48]. 
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Figure 5. Schematic representation of optical   R ( θ , λ )  ,   A ( θ , λ )   and   T ( θ , λ )   through a PEDOT:PSS–SiNW hybrid solar cell. 
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Figure 6. Shows all three well-defined regions for (a) optical reflectance and (b) absorption response of a planar PEDOT:PSS–Si and PEDOT:PSS–SiNW solar cell at various nanowire lengths. 
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Figure 7. Power-conversion efficiency as a function of short-circuit current, open-circuit voltage and fill-factor for a solar cell. 






Figure 7. Power-conversion efficiency as a function of short-circuit current, open-circuit voltage and fill-factor for a solar cell.



[image: Energies 13 03797 g007]







[image: Energies 13 03797 g008] 





Figure 8. Energy band diagram of PEDOT:PSS–SiNW hybrid solar cell. For simplicity we assume bulk energy bandgap of silicon for band diagram. 
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Table 1. The performance parameters for the top ten reported PEDOT:PSS–SiNW hybrid solar cells, where in all references metal assisted chemical etching (MACE) fabrication technology and radial p-n junction types are used.






Table 1. The performance parameters for the top ten reported PEDOT:PSS–SiNW hybrid solar cells, where in all references metal assisted chemical etching (MACE) fabrication technology and radial p-n junction types are used.





	Efficiency
	Year
	Researcher
	SiNW
	Open-Circuit Voltage (   V OC   )
	Short-Circuit Current (   J SC    )
	Fill-Factor FF
	Reference





	   16.40 %   
	2020
	Gohar Ali et al.
	SiNW
	0.63
	34.45
	71.5
	[43]



	   14.14 %   
	2016
	Y. Liu et al.
	SiNW
	0.636
	29.89
	76
	[44]



	   13.7 %   
	2015
	Zhang et al.
	SiNW
	0.621
	32.2
	68.4
	[49]



	   13.11 %   
	2015
	Yu et al.
	SiNW
	0.614
	30.42
	76
	[45]



	   13.03 %   
	2013
	Yu et al.
	SiNW
	0.59
	34.86
	69.35
	[50]



	   12.39 %   
	2019
	Lu et al.
	SiNW
	0.53
	35.32
	66.12
	[40]



	   9.70 %   
	2011
	Shen et al.
	SiNW
	0.527
	31.3
	58.8
	[46]



	   9.65 %   
	2013
	Pudsaini et al.
	SiNW
	0.53
	29.5
	61.2
	[47]



	   9.10 %   
	2016
	Jang et al.
	SiNW
	0.49
	34
	59
	[51]



	   9.05 %   
	2020
	Anh et al.
	SiNW
	0.53
	26.64
	64
	[48]
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