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Abstract

:

Solar energy is abundant, clean, and renewable, making it an ideal energy source. Solar cells are a good option to harvest this energy. However, it is difficult to balance the cost and efficiency of traditional thin-film solar cells, whereas nanowires (NW) are far superior in making high-efficiency low-cost solar cells. Therefore, the NW solar cell has attracted great attention in recent years and is developing rapidly. Here, we review the great advantages, recent breakthroughs, novel designs, and remaining challenges of NW solar cells. Special attention is given to (but not limited to) the popular semiconductor NWs for solar cells, in particular, Si, GaAs(P), and InP.
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1. Introduction


The demand for energy is accelerating exponentially due to the global population growth and economic development. With the current energy–consumption trend, 10 billion people (expected in 2050) will need a minimum of ten additional terawatts (equivalent to 150 million barrels of oil per day) [1]. The energy shortage will have significant impact on our future society. Furthermore, fossil fuels are not renewable and will run out soon. The combustion of fossil fuels can also cause serious “Greenhouse effect” and air pollution. Therefore, it is urgent to find replacements as new-generation energy sources. Over 120,000 TW of solar energy is delivered to the earth, far exceeding our current energy requirement (13 TW) [2]. Using solar cells, solar energy can be converted in a clean and renewable way into electricity, offering a multibillion-dollar market [3].



However, there are major barriers for the large-scale use of solar energy due to the difficulties in balancing the cost and efficiency of existing devices. Silicon-based solar cell modules currently dominate the solar energy market because of their low-cost and long-term reliability, but only convert about 8–19% of the available solar energy [4,5]. Very high efficiencies (>40%) can be obtained using III–V multijunction cells with several planar active layers on Ge substrates [6,7] However, the planar III–V materials and Ge substrates needed for such devices are too rare and expensive for broad use. Innovations are needed to harvest solar energy with greater efficiency and economic viability. The ideal solution is to build the high-efficiency III–V solar cells onto the low-cost mature Si platform and develop III–V/Si two-junction cells. It has been predicted that an efficiency of above 40% can also be achieved by using this III–V/Si dual-junction structure [8,9,10,11]. Nevertheless, after 20 years of research, the lattice and thermal expansion coefficient mismatches between III–V epilayers and Si substrates are still hindering the effective implementation of this idea.



Semiconductor nanowires (NWs) have lots of novel mechanical, optical and electronic properties that are not present in the thin-film counterparts [12,13,14,15,16], which can provide a highly promising solution to build the high-efficiency and low-cost solar cells on Si as mentioned above [17,18]. In addition, they can also add new functionalities to solar cells [13,19]. Thus, NW solar cells have drawn widespread attention [20,21]. Here, we review the advantages, recent progress, novel designs, and challenges of using NWs to make SCs. Special attention is given to (but not limited to) the popular semiconductor NWs for solar cells, in particular Si, GaAs(P), and InP. More detailed reviews on other materials and nanostructures can be found in Ref [22], NW and device fabrication process can be found in Ref [13,23,24], photocatalytic energy conversion can be found in Ref [25], and basic fundamentals can be found in Ref [26,27,28,29].




2. Integrating High-Quality III–Vs on Si


There are large lattice and thermal expansion coefficient mismatches between thin-film III–V materials and Si, causing large strain during the growth and leading to the generation of a high-density of defects, such as threading dislocations. NWs are filamentary crystals with a tailored diameter in the range from few nanometers to few hundred nanometers. NWs with a large surface-to-volume ratio and a small contact area between the NW and the Si substrate can elastically relieve the strain induced at the hetero-interface over a thickness of a few monolayers [30] Normally, no threading dislocations can be found at the upper part of the NWs. Thus, the lattice and thermal expansion mismatch issues between III–V epilayers and Si substrates can be effectively solved using the NW structure. Large-area high-quality III–V NW arrays can be grown on Si without wafer bowing and cracking, which promises an ideal marriage between the high-performance III–V NW optoelectronic devices and the mature low-cost large-scale Si microelectronic technologies.



To make large-area solar cells, the uniformity of NWs is critical. However, to reduce the cost, the growth on unpatterned Si substrates is preferred as no growth mask is needed, but it needs to use the droplet-catalyzed growth mode (except nitride) [31]. Uniformity control can be achieved through a nanoscale catalytic droplet, but suffers from the strong influence caused by the Gibbs−Thomson (GT) effect [32]. The GT effect makes the larger catalytic droplets have higher effective supersaturations and hence faster nucleation rates. Therefore, thicker NWs are commonly longer in length. Moreover, for NWs made of ternary or multinary materials, their composition uniformity can also be influenced by the droplet uniformity through the GT effect, making thinner NWs richer in elements with stronger chemical bonds. For example, the thinner GaAsP NWs are richer in P. To achieve good uniformity, good size uniformity of the catalytic droplets is necessary. As can be seen in Figure 1a,b, the uniform droplets can produce NWs with uniformity as high as >90%.



The III−V NW growth on unpatterned substrates typically follows a self-assembly mechanism where the NWs are randomly positioned. To realize better control of NW optical properties for achieving high-efficiency NW solar cells, each NW should be precisely located [33,34,35]. NW position control can be achieved using patterned substrates. Moreover, the growth on patterned substrates can suppress the parasitic bulk (cluster) deposition that often accompanies NW growth on unpatterned substrates, which is beneficial for making tandem solar cells. However, the growth on patterned Si substrates is more complex compared to that on unpatterned Si substrates and patterned III–V substrates, because the fast oxidization feature of Si makes the patterned holes covered/blocked by a thin layer of native oxide. The chemical etching via HF solution is not sufficient to obtain oxide-free holes for the NW growth. Zhang et al. developed an in situ, high-temperature (∼900 °C) cleaning technology that can thoroughly clean the patterned holes [36]. This cleaned substrate can be directly used for selective-area NW growth, but not directly for droplet-catalyzed NW growth. Zhang et al. showed that a Ga pre-deposition step is essential for the catalytic droplet formation in the oxide-free holes and further ensure the NW growth via vapor-liquid-solid (VLS) mode. (Figure 1c) [36]. They also found that the size of the patterned holes should not be bigger than the droplet size, otherwise it will affect the NW morphology by inducing parasitic growth at the bottom of the NWs.



The good crystal quality of NWs is the foundation of good solar cell performance. However, NWs tend to generate a high density of stacking faults that are a mixture of zinc-blende (ZB) and wurtzite (WZ) crystal structures. For the self-catalyzed mode, the droplet consumption can also generate a large number of defects. These defects can extend into the NW shell and degrade the shell crystal quality [37]. They can also regionally change the surface properties of NWs by producing new facets with different surface energies. Therefore, the nucleation features around these defective regions can be significantly modified, affecting the shell uniformity. This has been proofed by the Be-doped GaAsP shell with lumps along the length [37]. To grow high-quality shells, it is essential to eliminate the defects in the core NWs. Zhang et al. showed that the formation of Be−Ga alloy droplets can effectively suppress the WZ nucleation during GaAsP NW growth and droplet consumption, leading to the phase-pure ZB core NWs. On the high-quality core NWs, they achieved the growth of pure-ZB shells with highly regular morphology (Figure 1d–g) that demonstrated a one-order magnitude enhancement in room-temperature emission compared to the defective shells [37].



Therefore, position uncontrolled and controlled NWs with good uniformity, morphology, and crystal quality can be grown on Si substrates, which sets a strong foundation to build high-performance III–V solar cells on Si.




3. Superior Solar Photon Harvesting


In the thin-film solar cell structure, the light reflection from the front surface is one of the major energy loss mechanisms. For example, without any treatment, around 30% of the light illuminated at Si surface can be lost due to the reflection at the interface between air and Si [38]. To reduce this loss, conventional cells commonly need dielectric antireflection coatings, however, it is difficult to cover the entire absorption wavelength range. Broadband antireflection strategies can be achieved by light trapping schemes, such as inverted pyramid structures, however these add to the cost due to their complex fabrication process [39,40,41]. In contrast, NW arrays have strong antireflection ability with superior wavelength-, polarization-, and angle-dependent properties compared to planar structures, because NWs can form graded-refractive index layers [42]. Therefore, they can greatly reduce the light reflectance at the interface of two media by avoiding abrupt change in refractive index [43,44,45]. Diedenhofen et al. grew layers of GaP NWs on AlInP/GaAs substrates [46]. They found that NWs can greatly reduce the reflection and increase the light transmission into the substrate over broad spectral and angular ranges due to the graded refractive index. Zhu et al. fabricated a-Si:H NWs and realized greatly enhanced absorption over a large range of wavelengths and angles of incidence due to suppressed reflection [47]. More than 70% of the light was absorbed at angles of incidence up to 60°, which was significantly better than thin films (45%). In addition, the absorption of NW arrays was 70% at the band gap edge of a-Si:H, which was much higher than thin films (53%). Garnett et al. studied the transmission of the Si with and without Si NWs [48]. They found that the transmission over the entire spectral range (600 to 1100 nm) was reduced by factors of 2.9–7.8 for NWs with a length of 2 μm. Moreover, the transmission can be reduced more when the NWs are longer. When they increased the NW length to 5 μm, the transmission could be reduced by factors of 12–29. Tsakalakos et al. studied the reflectance of Si samples with and without Si NWs. They found that the reflectance of the NW film was less than 5% over the majority of the spectrum (below 700 nm), while that of the Si film was well above 30% [49].



NWs can have a greatly enhanced light-scattering effect due to subwavelength dimensions [50]. Strudley et al. studied the light transport inside a NW mat [51]. They found that mats of disordered high-refractive-index semiconductor NWs are one of the strongest three-dimensional scattering materials for light, which makes traditional light diffusion models no longer valid when describing photon transport and emission in strongly scattering NW mats. Their statistical analysis of intensity fluctuations showed that the transport for focused illumination is governed by a minimum of around three open transmission modes, which was a record low value for light in a three-dimensional medium. These effects are so strong that they observed a change in the distribution from Gaussian towards a skewed distribution that is only predicted in theory, but was not previously seen in a three-dimensional optical medium. Garnett et al. also observed similar phenomena [48]. They demonstrated that the path length of incident solar radiation in ordered arrays of Si NWs was 73 times longer. This extraordinary enhancement factor of light-trapping path length is above the randomized scattering (Lambertian) limit (2n2 ∼ 25 without a back reflector) and is superior to other light-trapping methods.



Semiconductor NWs have a unique nanoscale 1-dimensional structure which is typically on the order of the light wavelength. In addition, with the high refractive index, they behave as optical antennae [52] that can modify the absorption and emission properties [53]. When NWs are vertically standing, the absorption properties are determined by the waveguide modes [29,54]. NWs are more efficient in light absorption compared to planar materials of an equivalent volume. Krogstrup et al. observed that single NW solar cells with the vertical configuration have a remarkable increase in the absorption cross-section compared to their physical size (Figure 2a) [55]. At 1 sun illumination, a short-circuit current of 180 mA/cm2 was obtained from their vertically-standing GaAs NWs, which is more than one order of magnitude higher than that predicted from the Lambert–Beer law. This light-concentrating property gave their solar cells a high experimental efficiency of 40% that is above the Shockley–Queisser limit.



When the NW is lying horizontally, the absorption properties are determined by leaky-mode resonances or the Mie resonances supported by the NW (Figure 2b) [56], which provides an opportunity to engineer the light absorption in NWs by controlling their physical dimensions [57,58]. When the resonant modes supported by the NWs are leaky, the overlap between the incident electromagnetic field and the guided mode profile is maximized, facilitating efficient coupling with incident light. Sandhu et al. showed that an optimized single NW cell has a much higher open-circuit voltage compared to that of a bulk cell [59]. In addition, it also has a much higher short-circuit current when compared with the contributions of a region of semiconductor with the same volume located in the top surface of a bulk cell. Cao et al. observed that Leaky mode resonances can led to 250% increase in the light absorption per unit volume of material compared with the bulk [60].



All these advantages allow NW arrays to have advanced light trapping ability and hence strongly enhanced optical absorption in comparison with the thin-film devices [38,46,50]. This can significantly enhance the broadband light absorption over a wide range of incident angles, especially the near and below band gap absorption [61]. Wen et al. analyzed the efficient light trapping for GaAs NW arrays and found that the NW arrays have superior absorption characteristic (>90%) over thin-film (~60%) and can absorb 500% more photons per unit volume material, due to the combined effects of intrinsic antireflection and efficient excitation of resonant modes [62]. The study also revealed that an optimized geometry design can absorb 90% of above-bandgap sunlight despite the low volume filling ratio. Zhang et al. studied the light trapping properties of InGaAs NWs and found the short-circuit current can reach 61.3 mA/cm2, which is three times higher than that of thin-film layers with the same thickness [63]. Lin et al. simulated the absorption enhancement in terms of ultimate efficiency of Si NW devices, and suggested that an optimized SiNW array with a lattice constant of 600 nm and a wire diameter of 540 nm can have an ultimate efficiency that is 72.4% higher than a Si thin-film device of equal thickness [35]. Kelzenberg et al. demonstrated experimentally that Si NW arrays with a very small filling fraction (∼5%) can achieve up to 96% peak absorption, and can absorb up to 85% of above-bandgap direct sunlight each day [34]. This enhanced near-infrared absorption allows their overall sunlight absorption to exceed the ray-optics light-trapping absorption limit over a broad range of incidence angles for an equivalent volume of randomly textured planar Si. Guo et al. studied the influence of GaAs NW diameter D, length L, and filling ratio D/P on the absorption [64]. The optimal results for the normal light incidence were evaluated as D = 180 nm, L = 2 μm, and D/P = 0.5, which can lead to an absorption that exceeds 90% in the visible light region. This is much higher than that of thin films with the same thickness, due to the combined effects of the intrinsic antireflection and efficient excitation of resonant modes. For the oblique incidence, their modelling showed that perfect antireflection (>80%) can be achieved at incident angles up to 60°. Anttu et al. compared the efficiency of InP NW array solar cells with that of the conventional InP bulk solar cells [65]. They considered a NW array of 400 nm period, 4 μm length, and 170 nm diameter, which can produce 96% of the short-circuit current obtainable in the perfectly absorbing InP bulk cell. Besides, the NW solar cell emits fewer photons (especially into the substrate) than the bulk cell at thermal equilibrium, which allows for a higher open circuit-voltage. As a result, NWs longer than 4 μm can actually show, despite producing a lower short-circuit current, an efficiency limit of up to 32.5% that is higher than the bulk cells (31.0%). Callahan et al. also suggested with modelling that NW solar cells can exceed the ray optic light trapping limit [61]. This is supported by Wallentin et al [20]. They used ~1.5 μm-long 180-nm-diameter InP NWs to make solar cells. The NWs surface coverage was only 12% and the amount of InP material was only 1/10,000th of planar cells. Due to the resonant light trapping in NWs, the share of sunlight converted into photocurrent (71%) was six times the limit in a simple ray optics description. As a result, they can generate a short-circuit current which was about 83% of the best InP planar cells, and efficiencies up to 13.8% (comparable to the record planar InP cell) were achieved. Anttu et al. also found that 94% of the incident solar light can be absorbed by cylindrical NWs with a length of 2 µm, pitch of 400 nm, and a diameter of 241 nm [66]. Similar work has been done by other researchers [35,42,46,50,67,68,69,70,71,72,73,74,75,76,77,78,79,80].



Besides, the NW can also guide the below-band-gap photons into the substrate. Diedenhofen et al. found that more than 90% of the photons with energy lower than the InP absorption, were coupled into the underlying substrate by the InP NWs, which is highly favorable for multijunction devices [81].



Therefore, NWs have superior solar photon harvesting functions which are highly suitable for making photovoltaics. This can also be supported by the pure-black color of the 1.7 eV GaAsP NWs/Si sample shown in Figure 2c. Due to the advanced light absorption, the NW device can use a much smaller quantity of deposited material to achieve higher absorption efficiency compared with its thin-film counterparts. This can greatly reduce the cost, which has until now been prohibitive for thin-film III–V solar cells, so that NW-based solar cells are cost competitive with Si solar cells [20].




4. Superior Extraction Scheme for Photon-Generated Carriers


One of the key requirements for solar cells to achieve a high efficiency is the ability to maintain a large optical thickness to facilitate efficient light absorption and a small electrical thickness to facilitate efficient photo-generated carrier collection at the contacts. The collection efficiency of photon-generated carriers depends strongly on the minority carrier diffusion length, which decreases rapidly with the increase of defect density [82]. The generated carriers will be wasted if they are more than one diffusion length away from the space charge region. In a traditional thin-film device, the collection path of the generated carriers is parallel to the solar photon travelling path (Figure 3, left) [83]. Therefore, the requirement for a thick enough absorption material puts high demand on the crystal quality, so that the carriers can pass through without substantial recombination. The shape anisotropy of NWs provides opportunities to decouple the optical and electrical thickness of solar cells using the co-axial p–n junction structure (Figure 3, right) [18,82]. It absorbs the light along the whole NW, while the generated carriers can be efficiently separated in the radial direction. The radial distance that carriers need to travel (in hundreds nm range) is normally much smaller than, or comparable with, the minority carrier diffusion length. Therefore, the orthogonally decoupled light absorption and carrier separation paths can lead to low bulk recombination, and hence high efficiency. In addition, the NWs have a large surface-to-volume ratio, which offers a large junction area (up to 103 times larger than thin films) that can further enhance the charge separation efficiency. The study showed that the influence of changing the diffusion length under radial junction is less than in planar junction [84]. Kayes et al. studied the influence of carrier diffusion length on the Si device efficiency with a radial p–n junction geometry [82]. When they assumed very low diffusion length (100 nm), the maximum efficiency of the p–n junction device and the planar geometry were 11% and 1.5%, respectively. For a cell with carrier diffusion length 1 μm, the maximum efficiency of the radial p–n junction geometry and the planar geometry were 13%, and 5%, respectively. Pei et al. performed numerical simulations on amorphous-silicon (a-Si) NW solar cells and found that the co-axial p–n junction structure can overcome the efficiency limit of an a-Si solar cell [85]. They showed that the photocurrent of the a-Si solar cell with a 4000-nm-long NW was nearly 40% more than that of a planar a-Si solar cell. A conversion efficiency of 11.6% was obtained, which was enhanced by around 32%.



For III–V materials with a long carrier diffusion length, the difference of the performance between the planar and radial structures was not as obvious as that for Si. However, NWs have a large surface-to-volume ratio and hence a high-density of surface states. A study from Christesen et al. revealed that the NW devices with radial p–i–n structures are “surprisingly insensitive to surface recombination” compared to the ones with axial structures [86,87]. The internal quantum efficiencies of radial devices can be as high as 95% even with high surface recombination velocities (SRVs) of 105 cm/s, while axial devices require substantially lower values of 103−104 cm/s to produce the same level of performance because their depletion region is exposed to the surface. Apart from quantum efficiency, the open-circuit voltages of radial devices can be nearly twice that of axial devices.



All those advantages enable us to use lower-purity, less-expensive materials with low minority carrier diffusion lengths to build high-efficiency solar cells. As a result, the use of NW structure can significantly reduce the device cost. These merits of NWs make the development of high-efficiency and low-cost solar cells promising, and hence have the potential to revolutionize solar energy harvesting technology.




5. Single-Junction Solar Cells


To make NW solar cells, the first step is to achieve good Ohmic contact. However, the high-density surface states of NWs make it challenging because they can pin the Fermi level at the NW surface to the middle of the band gap [88,89]. When NWs contact metal, the pinning can produce a Schottky barrier and seriously hinder the formation of Ohmic contact. It has been reported that unpassivated GaAs NWs will be seriously depleted when the diameter is below 100 nm, making Ohmic contact formation even more difficult, especially for NWs with a smaller size [90]. Zhang et al. optimized the NW doping and the annealing condition of AuZn contact and achieved good Ohmic contact on GaAs NWs with a diameter as small as 50~60 nm [91]. This is the smallest III–V NWs diameter reported so far with Ohmic contacts, which gives valuable information on how small the NWs can be, while still allowing good Ohmic contact.



Divided by size, there are single (Figure 4a,b,e,f) and large-area (Figure 4c,g) NW devices [20,92,93,94,95,96,97,98]. The large-area photovoltaics can generate a large volume of power or strong signal. However, the fabrication of large-area devices is frequently hold back by the challenges in pinpointing the bottle necks due to too many performance-affecting factors, such as the contact quality, p–i–n junction quality, and doping profile. The intrinsic limiting factors caused by the NW itself can be identified by studying single NW devices, providing valuable information for the development of large-area devices. Moreover, single NW photovoltaics can also be used in high-density integrated circuits (ICs). For example, they can function as photon detectors in Si-based photonics, greatly facilitating the chip-to-chip and system-to-system optical communications [99]. Further divided by structure, there are radial (Figure 4a–c) [98] and axial junction (Figure 4e–g) [92] solar cells. The fabrication of single NW devices with radial p–i–n junctions is more difficult. Shell removal is one of the major challenges, making most of the devices limited in performance [100,101]. For instance, the widely-used self-catalyzed NWs commonly have a p-type doped core that is covered by i- and n-shells, forming a p–i–n junction. To make p-type contact, the n- and i-shells must be removed so that p-contact metal can be deposited onto the exposed p-regions (Figure 4a,b). Due to the small size, it is difficult to perform the shell removal uniformly and precisely. Besides, it commonly uses wet etching to perform the shell removal [102]. When the NWs have stacking faults, it can be even more challenging to achieve uniform shell removal, because the stacking faults can give rise to new surface facets with higher surface energies and hence these regions can be corroded faster. Zhang et al. used focused ion beam (FIB) to mill away the surface n- and i-layers and achieved a uniform p-core [91]. After putting on the p- and n-contacts, the single GaAs NW solar cell showed a world-record-high fill factor of 80.5% and a stable photo response (Figure 5a). In contrast, the fabrication of single NW solar cells with an axial junction is much easier because no shell removal is needed (Figure 4e,f). The structure for large-area NW solar cells are quite similar despite different junction configurations. As illustrated in Figure 4c,g, the contacts are commonly in a top-bottom configuration, with one contact at back of the substrate and the other one at the tip of NWs. The quality of the top contact has more significant influence on the solar cell performance. Fang et al. found that the major factor that limited the performance of their large-area solar cell was the low carrier-collection efficiency of the top contact [103]. Besides, it needs to be noted that devices with radial junctions have more limitations of fabrication technique because the junction layers are very thin and can easily be damaged by unoptimized fabrication processes, such as annealing.



There has been extensive study of the fabrication of single NW devices, such as solar cells and detectors [104,105,106]. However, most of them are with axial p–i–n structures because it is comparatively easy to fabricate contacts [107,108]. However, so far, the highest efficiency of single horizontal NW solar cell is 10.2% reported by Holm et al. using GaAsP NWs with radial p–i–n junctions (Figure 5b) [109]. Vertically standing NWs are higher in efficiency due to their light-concentrating property. Ko et al. achieved an efficiency of 19.6% using InP NWs [110]. Krogstrup et al. even reported a high experimental efficiency of 40% using GaAs NWs [55].



Large-area solar cells are rapidly developing [111]. Wallentin et al. reported an InP NW array solar cell with an efficiency of 13.8%, which is the first large-area solar cell with an efficiency higher than 10% [20]. Afterwards, Cui et al. achieved an efficiency of 11.1% with InP NW arrays [93]. Then, Åberg et al. achieved 15.3% using GaAs NW arrays (Figure 5c) [92]. So far, the world record is held by Hwang et al. with an efficiency of 18.9% using very thick NWs (microwires), followed by van Dam et al. with an efficiency of 17.8% (Figure 5d) [112,113]. Although the NWs used in these two reports were via top-down etching, the achievement still shows the promising future of making NW solar cells. All these four outstanding works are based on III–V substrates. To reduce the cost, developing Si-based solar cells is critical. However, most of them are low in efficiency [114,115,116,117,118,119]. It also needs to be mentioned that the solar cells with good efficiencies are achieved with axial p–i–n junctions. The efficiency of those with radial p–i–n junctions is still lower than 7.5% [95,96,114,120,121,122,123,124,125,126]. This could be because it is relatively difficult to fabricate the contact on a radial junction. Each layer in the radial junction is very thin and easily damaged, putting higher demand on the fabrication technology.



So far, the efficiency of single NW solar cells and large-area bottom-up solar cells still needs to be improved. The breakthrough of the fabrication techniques for both single and large-area NW solar cells makes the development of high-efficiency NW solar cells promising.




6. Design for Novel High-Efficiency and Low-Cost Solar Cells


The unique structure and advanced properties of NWs give more freedom in constructing novel solar cells with high efficiency and low cost.



Tandem solar cells on Si: In the traditional thin-film structure, multijunction cells allow for high efficiency, but need to use the expensive Ge substrates. The integration of III–V solar cells on Si can greatly reduce the cost, which is extremely challenging. The ability to grow III–V NWs on Si substrates has thus attracted great attention in the design of two-junction solar cells consisting of a bottom Si cell and a top III–V NW cell [18,127,128,129,130,131]. The optimum structure requires the top NW cell to have a direct bandgap of near 1.7 eV, which can be achieved using a number of compound semiconductor material systems, such as GaAs0.77P0.23, Al0.19Ga0.81As, In0.65Ga0.35P, Al0.13In0.87P, and Al0.57In0.43As. The optimum structure also requires equal current from each subcell, namely a current-matching condition [132,133]. This can be realized by adjusting the diameter, length, and period of the NW array. Therefore, NW solar cells have many more degrees of freedom compared with thin-film solar cells, whose current-matching is achieved by adjusting the thickness of the absorbing layer in each subcell. Hu et al. showed how to design the current matching between 1.7 eV III–V NW top cell and 1.1 eV Si planar bottom cell by tuning the NW diameter and period [134]. The highest photocurrent density of 17.8 mA cm−2 can be obtained with a diameter of 180 nm, period of 350 nm, and length of 5 μm. This corresponds to 89.4% absorption of the AM1.5G spectrum. It is commonly accepted that a promising efficiency above 30% under one sun illumination could be obtained at the current matching geometries [135]. Some researchers even suggest that it can go above 34% [127,136]. Early in 2014, Holm et al. reported the III–V NW/Si solar cells by using 1.7eV GaAsP NWs [126]. However, due to the unoptimized quality and structure, the efficiency was only 4%. Later on, Yao et al. made important progress and paid special attention to the current-matching between top and bottom cells [97]. They made GaAs NW/Si tandem cells and achieved an open circuit voltage of 0.956 V and an efficiency of 11.4% (Figure 6a).



Axial tandem solar cells: NWs have a small cross section, which allows NWs to accommodate big strains axially and laterally. This can greatly facilitate the integration of materials with large lattice mismatch, providing more freedom in the structure design compared with thin-film devices [137]. The axial junction can distribute the strain across the interface, which can further relax the strain gradually and elastically. Therefore, for an axial NW heterojunction structure with lattice mismatch, there will be a critical diameter below which no interface dislocation can be introduced regardless of the length [138,139]. Dislocation-free heterojunctions have been realized even with a large lattice mismatch, such as GaAs/GaP, InAs/InSb, and InAs/InP [137,140,141]. Similarly, the NW core can share part of the mismatch strain and therefore drastically reduce the strain in the shell [142,143,144,145,146,147]. NW core–shell structure can thus accommodate larger lattice mismatch compared with thin-film structures [148,149]. For example, Nazarenko et al. demonstrated that a 160-nm defect-free GaAs shell can be grown on In0.2Ga0.8As core NWs despite a large lattice mismatch of 2%, which is much thicker than the allowed thickness in thin-films (10 nm) [150]. With this advantage, Chen et al. proposed an axial Ga0.51In0.49P/InP dual-junction solar cell with axial p–i–n junctions and a maximum efficiency of 38.5% could be achieved [151]. Wang et al. proposed a novel NW solar cells with several radial p–n junctions connected axially. Therefore, the solar spectrum can be separated and absorbed in the top and bottom cells with respect to the wavelength (Figure 6b) [152]. The unique structure of NW p–n junctions enables substantial light absorption along the NW length and efficient carrier separation and collection in the radial direction. The simulation results revealed a high conversion efficiency of 16.8% at a low filling ratio of 0.196, which is much higher than the axial tandem p–n junctions under the same conditions (8.87%). After matching the current, a promising efficiency of 19.9% can be achieved at a low filling ratio of 0.283. Heurlin et al, demonstrated the possibility of building tunnel junctions inside a single NW [108]. They connected two p–n junctions axially in a single InP NW by a heavily doped p–n tunnel junction, forming a tandem NW SC. An open-circuit voltage of 1.15 V was achieved under ~1 sun illumination, which was an increase of 67% compared to the single p–n junction device. Hocevar et al. reported the growth of hybrid axial GaP/Si heterojunctions [153]. This integration of different materials in the SiNWs opens new approaches to achieving high-efficiency NW solar cells, such as novel 1.7 eV III–V/Si NW solar cells.



Multiterminal NW solar cell: Dorodnyy et al. proposed a multiterminal NW solar cell design (Figure 6c) [154]. The design uses NWs of different band gaps. For example, the authors used Al0.54Ga0.46As, GaAs, and In0.37Ga0.63As NWs, which can form an ideal band gap combination (2.01, 1.42, and 0.93 eV, correspondingly). These three types of NWs are mixed evenly on the sample. Therefore, they can split the incoming solar spectrum spatially and NWs with different band gaps separately convert it into electrical power. Besides, these three types of NWs have separated contacts, which can circumvent the current matching requirement in common tandem solar cells with the one-pair-contact structure, giving more freedom in device design. Therefore, a theoretical conversion efficiency of 48.3% can be achieved. This multiterminal contacting device can be fabricated with the technology close to that used in a standard CMOS fabrication line. However, the major challenge would be the difficulty of growing different NW groups with different lengths required for device fabrication.



Inorganic NW/organic hybrid solar cells: Compared with organic polymers, inorganic materials commonly have a high carrier mobility and affinity. In contrast, organic polymers commonly have a low carrier mobility and short lifetime, which leads to a low device efficiency. However, they are low in production cost. Therefore, researchers are trying to combine together the advantages of the two material systems, which has been demonstrated extensively in the planar solar cells [155,156]. When inorganic materials are made into the NW structure, the devices can have a very large surface-to-volume ratio, which can provide a large surface area. A greatly enhanced efficiency is hence expected for the inorganic NW/polymer combination due to the fast and efficient charge separation/collection [157]. Bi et al. showed the effectiveness of using the NW structure in making inorganic NW/polymers [158]. They introduced GaAs NWs into the 3-hexylthiophene (P3HT)/GaAs hybrid solar cells and reached an efficiency of 1.04% (2.6 sun), while the reference planar GaAs had negligible photovoltaic response. Chao et al. reported a similar phenomenon in making poly(3,4-ethylenedio xythiophene):poly(styrenesulfonate) (PEDOT:PSS) solar cells [159]. They found that compared to the planar GaAs/PEDOT:PSS cells, the efficiency of GaAs NW/PEDOT:PSS under AM 1.5 global one sun illumination was improved from 0.29% to 5.8%. Shen et al. compared the inorganic–organic hybrid Si solar cells with and without Si NWs in between [160]. They found the presence of Si NW can increase the efficiency from 3.6~6% to 7.5~8.4% due to the excellent output characteristics of light harvesting capability and charge extraction efficiency. For this type of hybrid solar cells, the organic layers should not be thicker than the exciton diffusion length. Tsai et al. built Si NW arrays/P3HT hybrid solar cells [161]. They found that the core–shell hybrid solar cells with suitable polymer thickness exhibited a 61% improvement in the short-circuit current and a 31.1% enhancement in the conversion efficiency as compared to the P3HT-infiltrated Si NW solar cells with very thick polymer layers that formed a flat air–polymer cell interface. Besides, the interface carrier recombination can seriously hinder the performance of hybrid organic/inorganic hetero-junction solar cells. Wang et al. studied the influence of surface treatment on the performance of Si NW/PEDOT:PSS hybrid solar cells [162]. They generated a surface sacrificial oxide on the Si NWs, and then followed with a HF etching process to remove the oxide, which can achieve a clean Si NW surface without contaminates, such as Au. This increased the efficiency from about 10% to 12.4%. Yu et al. introduced an intermediate 1,1-bis[(di-4-tolylamino)phenyl]cyclohexane (TAPC) layer into Si NW/PEDOT:PSS hybrid heterojunction solar cells. This can effectively block the strong oxidation reaction occurring between PEDOT:PSS and Si, which improved the device characteristics and assurances for reliability [163]. This insertion layer can also increase the minority carrier lifetime because of an energy offset at the heterojunction interface. As a result of the interface modification, the hybrid heterojunction cell demonstrated a high efficiency of 13.01% that was superior to the reference counterpart (12.01%). This insertion layer also enhanced the Voc from 0.52 to 0.54 V, and an FF from 66.4 to 69.5%. Um et al. fabricated Si NW/PEDOT:PSS solar cells [164]. In their design, a Ag/SiO2 electrode was embedded into the Si substrate and positioned between Si NW arrays underneath PEDOT:PSS, which can facilitate suppressing recombinations at the Si–Ag interface and notably improve the fabrication reproducibility. With this design, their cell exhibited a power conversion efficiency of up to 16.1% with an open-circuit voltage of 607 mV and a short circuit current density of 34 mA/cm2. Wei et al. built a hierarchical hybrid solar cell (Figure 6d) [165]. They made n-Si NWs on n-Si micro-pyramid arrays, and then coated the NWs with PEDOT:PSS. This design can greatly enhance the light antireflection ability of the surface by combining the advantages from both nano- and microstructures. This solar cell had an efficiency of 11.48%, which was higher than the planar solar cells (6.16~7.59%) and the micropyramid solar cells without NWs (10.37~10.96%). At present, the polymer/NW hybrid solar cell has reached an efficiency of well over 10% [164,166]. However, these high-efficiency hybrid solar cells were using top-down etched NWs [167,168]. For bottom-up NW solar cells, the efficiency is commonly lower than 5% [169], which could be due to the challenges of managing the interface properties between the NW and the substrate.



Branched solar cells: Lundgren et al. proposed a high-absorption structure using a novel branched NW (BNW) configuration (Figure 6e), which can be used in the fabrication of solar cells [170]. BNW arrays have the potential to greatly increase the optical absorption compared with normal NW array structures. They modeled the properties of branched Si NWs and achieved a maximum absorption of over 95% at 500 nm wavelength. Besides, they also achieved at least a factor of 4 improvement in absorbing the photons in the difficult low energy region (~1 μm). There has been great progress in fabricating branched NWs [171]. For example, Wang et al. have demonstrated the growth of Si and GaN NWs with multigeneration branches [172]. Baxter et al. used branched ZnO NWs to construct dye-sensitized solar cells and achieved an internal quantum efficiencies of 70%, which benefited from the improved electron transport [173].



NW solar cells on cheap substrates: Unlike thin-film structures, NW growth has much wider choices in the substrate selection, which benefits from its good strain accommodation ability mentioned above. The integration between large lattice mis-matched material systems have been reported, such as InP/Si (8.1%) and InAs/Si (11.6%) [174,175,176,177,178]. Besides the single crystalline and polycrystalline substrates, the NWs can also be grown on graphene, carbon nanotube, fibre-textured silicon thin film, amorphous Si, glass, and indium tin oxide [179,180,181,182,183,184]. O’Donnell et al. grew Si NW solar cells on glass substrates and achieved and efficiency of 5.6% [185]. Mohseni et al. presented a novel solar cells design employing InGaAs NW arrays grown directly by van der Waals epitaxy on graphene films [123]. An efficiency of 2.51% was demonstrated despite the unoptimized bandgap of NWs. This demonstration shows that the substrate limitation in traditional thin-film technology can be broken. Even on the non-crystal substrates, the III–V devices could still be integrated through the surface treatment by graphene. Therefore, NW solar cell can greatly reduce the cost due to the use of cheap substrates.



Flexible solar cells: For some special occasions, novel device properties will be needed. Lightweight and flexibility are two of the desired properties which can substantially reduce the facility weight, minimize the transportation cost, and lead to the realization of smart solar cells, such as integrating flexible cells into clothing [186]. NWs with 1-dimensional structure provide unique advantages in realizing these advanced functions, as they can be buried into polymers and then easily peeled off from the substrates [187]. Fan et al. demonstrated flexible CdS NW based CdTe solar cells with an efficiency of ~6% (Figure 6f) [188]. Kwon et al. made flexible solar cells using Si NWs and achieved an efficiency of >8% [189]. Han et al. fabricated flexible GaAs NW solar cells with NWs lying horizontally and achieved a high efficiency of 16% under air mass 1.5 global illumination [190].



These novel designs provide highly promising ways to greatly reduce the cost and boost the efficiency of solar cells, which may revolutionize present solar cell technology.




7. Challenges in Making NW Solar Cells


Despite the great advantages of using NWs in making solar cells, there are still some challenges that need significant effort.



Characterization: The nanoscale 1-dimensional structure makes it challenging to quantify the electrical properties of NWs using conventional measurement methods. Conventional electrical transport measurements (e.g. Hall Effect, van der Pauw, and field-effect transistor analysis), although appropriate for planar layers, are considerably more challenging to apply to NWs. The quasi one-dimensional NW geometry precludes conventional Hall Effect measurements unless highly specialized procedures are employed to make electrical contacts to the NWs [191,192]. Field-effect measurements are widely used on NWs, but their interpretation is heavily influenced by modelling assumptions and the uncertainty in the estimated gate capacitance term [193,194]. Crucially, these errors can also depend on the NW diameter, systematically distorting the apparent relationship between diameter and the determined mobilities [194]. Difficulties in obtaining ohmic contacts, particularly to p-type materials, [194] and the artefacts that arise due to metal contacts, can confound meaningful interpretation of contact-based measurements. Without these key electrical data, such as charge carrier lifetimes, mobilities, diffusion lengths, doping levels, and surface recombination velocities, it is extremely difficult to optimize NW growth and structure for rational, targeted device development.



Surface passivation: Due to the nanoscale 1–D cylindrical structure, NWs have a large surface-to-volume ratio and the surface area can be over 1000 times larger compared with thin-film structures. The surface of a crystal breaks the three-dimensional bulk periodicity and there is an associated change in the electronic structure [195]. The large surface area inherent to NWs exacerbates the effects of surface states. Surface states can trap carriers, which causes carrier depletion and band bending in the near surface region, affecting the metal contact fabrication [196,197] More seriously, surface states are also high-efficiency carrier loss centers that can lead to a low device efficiency [198]. The high surface recombination velocity results in the annihilation of minority carriers that would otherwise contribute to a portion of the output in the PV device. Consequently, bare NWs exhibit extremely short carrier lifetimes of only a few picoseconds [199]. It has been reported that core–shell GaAs NWs applied to solar cells have revealed conversion efficiencies ranging from 0.83% [200] for as-grown devices to 2.54% [96] for devices post-treated with ammonium sulphide agents. Similarly, InGaP passivation can increase the efficiency of GaAs NWs solar cells from 1.02% to 6.63% [95]. Nakai et al. also reported the increase of the efficiency of GaAs NW solar cells from 0.71% to 4% by introducing an InGaP surface passivation layer [201]. This phenomenon has also been found on different material systems. For example, Zhang et al. fabricated ZnO/CdTe core–shell NW solar cells and got negligible PCE. They inserted a thin CdS interlayer shell to provide more effective passivation to the ZnO surface and improved the PCE to 4% [202]. A similar discovery was also reported by Kartopu et al [203]. These reports show the influence of surface states and the importance of surface passivation. For Si NWs, the passivation is relatively mature, and the surface dandling bonds can be effectively reduced using amorphous silicon, carbon, SiN, SiO2, and Al2O3 [204,205,206,207]. However, the passivation for III–Vs is less developed compared with Si. Currently, the surface passivation is commonly using materials with higher band gap to block carriers away from surface, such as AlGaAs for GaAs NWs, or using materials with lower surface recombination rate, such as InP or InGaP. However, traditional surface-state characterization methods typically have a large deviation range and cannot give an accurate value of the key parameters, such as surface recombination rates [208]. As a result, it is challenging to quantitatively assess the passivation effect with high accuracy, which makes it difficult to predict how much further improvement is needed. That could be why most reported research is comparative study and only shows some improvement based on few parameters, rather than give a quantitative value of surface state passivation. Therefore, more advanced characterization methods will be required to systematically develop highly-efficient and robust surface-passivation techniques.



P–i–n junctions: The p–i–n junction is the most critical part for most of the solar cells. It consists of three regions. As the name suggests, there is an intrinsic/undoped layer sandwiched between a p- and an n-doped regions. The Fermi levels of the doped regions must be aligned at the same level. The potential difference across the -layer, called the built-in potential, is the main driving force to separate photon-generated electrons and holes to n and p regions for collection, respectively. The accumulated charge carriers can contribute to the current flow when connected to outer circuits. The quality of p–i–n junctions depends significantly on the doping, which has been widely studied in thin-film structures. However, NW growth mechanisms and environment are typically different from those of thin-film structures, with different growth temperatures, III–V ratios, and growth facets. This can significantly influence the doping incorporation pathways (through sidewalls or droplets), efficiency, doping type, and ionization energy, which gives special demands on NW doping to construct high-quality junctions [209,210,211]. For example, the ionization energy of dopants has been reported to increase with decreasing NW diameter, resulting in a carrier density lower than expected value [212]. Dopant incorporation may also be affected by the “self-purification effect” in the NW, that is, at nanodimensions, impurities with high formation energy will be expelled out of the nanocrystal to lower system Gibbs free energy [213,214]. The small dimensions and large surface-to-volume ratio of NWs can also affect the junction performance. The surface states can trap a large number of carriers, lowering the effective doping concentration [215]. The p-, i-, and n-layers are very thin (<100 nm) in the circular core–shell structure, which are quite susceptible to surface states. Moreover, the small size makes it more challenging to balance the effective dopant concentration and hence carrier density in the p and n regions. If the concentration of one type of effective dopant is significantly more than the other, it would be difficult to form p–i–n junction. Thus, the knowledge obtained from previous thin-film studies cannot transfer directly to NWs. There is a lack of systematic study on how to build high-quality p–i–n junctions based on this ultrathin and circular structure, because there is no effective way to characterize the junction quality. Although atom-probe measurement gives great insight into dopant incorporation, it unfortunately cannot provide insight into the density of ionized (and therefore active) dopants [216]. Therefore, more effort will be required to systematically study the optimization of p–i–n junctions. Fiordaliso et al. and Boulanger et al. demonstrated a useful technology to characterize the quality of NW p–i–n junctions [114,217]. By using off-axis electron holography, the electrostatic potentials across the p–n junction can be mapped out, providing direct information on the built-in potential. This can greatly facilitate the development of high-quality junction.



NW solar cell device fabrication: The solar cell fabrication technique for thin-film structures is well established. However, it cannot be used directly for the fabrication of NW solar cells, especially those with radial p–i–n junctions. The NW solar cell is a highly-compacted structure with radial p–i–n junctions of only a few hundreds of nanometers. The etching and annealing used in thin-film device fabrication can easily cause damage to the junction. Developing new fabrication technology for NW devices is time-consuming and costly. In particular, the lack of electrical data makes it difficult to identify if the failure is caused by the NW structure or the device fabrication process. So far, large-area solar cells with a high fill factor approaching 80% can be achieved [92,113], but on axial structures. The radial p–i–n structure has great advantages in making solar cells, but the device fabrication is still challenging, and the fill factor is commonly lower than 70% [122]. Very recently, a high fill factor of 80.5% from single NWs with radial p–i–n structure has been achieved by Zhang et al [91]. which is a big achievement in single NW device fabrication. Hopefully, this technology will promote the fabrication of large-area solar cells with radial p–i–n junctions. Moreover, the size of the solar cell is a critical factor that can decide its practical applications. Although there are already technologies that can produce high-quality NWs with wafer-scale uniformity, more study on scaling-up of NW solar cells is needed [218].




8. Conclusions


Compared with thin-film/planar/bulk materials, NWs can allow the integration of high-quality materials with good opto-electrical properties, such as III–Vs, onto cheap Si substrates, providing a highly-promising method to build high-efficiency, low-cost solar cells. NWs can greatly enhance the light absorption compared to planar material of an equivalent volume, which allows one to use a trace amount of expensive materials to achieve adequate light absorption. NWs can also provide superior extraction scheme for the photon-generated carriers, which can greatly enhance the external quantum efficiency. So far, single NW solar cells have achieved an efficiency of 10.2% for the horizontal structure and 40% for the vertical structure; the large-area structure has achieved an efficiency of 18.9%, which demonstrates the feasibility of building next-generation, high-efficiency, low-cost solar cells using the NW structure. All these promoted the design for novel higher-efficiency and lower-cost solar photovoltaics, such as NW/Si tandem solar cells, axial tandem NW solar cells, branched NW solar cells, inorganic NW/organic hybrid solar cells, NW solar cells on cheap substrates (graphene, carbon nanotube, fiber-textured silicon thin film, amorphous Si, glass, and indium tin oxide), and flexible solar cells. Despite the promising future and significant progress, there are some challenges in achieving high-efficiency NW solar cells. More effort is needed in developing more advanced technologies for characterization, surface passivation, p–i–n junctions, and NW solar cell device fabrication.
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Figure 1. (a) Sideview of GaAs nanowires (NWs) on unpatterned Si substrate. (b) Length and diameter summation histogram of NWs in (a) [32]. (c) GaAsP NWs on patterned Si substrate [36]. (d–g) One defect-free GaAsP NW [37]. 






Figure 1. (a) Sideview of GaAs nanowires (NWs) on unpatterned Si substrate. (b) Length and diameter summation histogram of NWs in (a) [32]. (c) GaAsP NWs on patterned Si substrate [36]. (d–g) One defect-free GaAsP NW [37].
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Figure 2. (a) Scanning photocurrent measurements on one single vertical NW device excited by an 800 nm laser. Inset is the NW solar cell before adding the top contact. Reprinted by permission from Springer Nature: Nature Photonics [55], (Copyright) (2013). (b) Left: Experimental and calculated absorption spectra for horizontal NWs with a radius of 110 nm, 25 nm, and 10 nm, respectively. Right: Two-dimensional plot of calculated absorption efficiency as a function of wavelength and radius of the nanowire. Reprinted by permission from Springer Nature: Nature Photonics [56], (Copyright) (2009). (c) Large-scale GaAsP NW arrays with pure-black color which indicates good light absorption. Inset is an illustration of light-trapping effect caused by NW arrays. 
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Figure 3. Illustration of the propagation path of photon and carriers in (left) thin-film solar cells and (right) NW solar cells. 
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Figure 4. Illustration of single (a,b,e,f) and large-area (c,g) solar cells with radial (a–c) and axial (e–g) p–i–n junctions. 
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Figure 5. Dark/light current–voltage data and data of single (a) GaAs NW [91] and (b) GaAsP NW [109] solar cells. Current–voltage characteristics of (c) GaAs NW [92] and (d) InP NW [113] solar cells measured under 1 sun (AM1.5G) illumination. (b) Reprinted by permission from Springer Nature: Nature Communication [109], (Copyright) (2013). (d) Reprinted with permission from [113], Copyright (2016) American Chemical Society. 
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Figure 6. (a) Schematic of GaAs nanowire-on-Si tandem solar cell. Reprinted with permission from [97], Copyright (2015) American Chemical Society. (b) Schematic drawing of vertically aligned NW arrays [152]. (c) Schematic illustration of the triple-junction nanowire array on a Si substrate. Each unit cell contains high, low, and two medium band gap nanowires (the higher the band gap value, the higher the wires). Working principle, contacting scheme, and absorption spectrum splitting are also included [154]. (d) Schematic of PEDOT/Si NWs/Si micropyramid solar cells. Reprinted with permission from [165], Copyright (2013) American Chemical Society. (e) Schematic of branched NW trees [170]. (f) Schematic diagram of a bendable NW solar cell module embedded in polydimethylsiloxane. Reprinted by permission from Springer Nature: Nature Materials [188], (Copyright) (2009). 
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