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Nanostructured silicon solar cells are designed to minimize costs through reduced material usage while enhancing power conversion efficiency via superior light trapping and shorter charge separation distances compared to traditional planar cells. This study identifies the optimal conditions for nanoimprinted silicon nanowire (SiNW) solar cells to achieve maximum efficiency under low sunlight concentration and evaluates their performance as bottom cells in III–V multijunction solar cell systems. The findings indicate that the SiNW solar cell reaches its peak performance at a concentration factor of 7.5 suns and a temperature of 40°C or lower. Specifically, the absolute conversion efficiency under these conditions is 1.05% higher than that under unconcentrated light. Compared to a planar silicon solar cell under identical conditions, the SiNW solar cell exhibits a 3.75% increase in conversion efficiency. Additionally, the SiNW single-junction solar cell, when integrated in series with a commercial lattice-matched InGaP/GaAs dual-junction solar cell, was tested under unconcentrated sunlight, specifically at one-sun, global air mass 1.5 condition, to assess its viability in one-sun multi-junction solar cell applications. The results suggest that a III–V upper subcell with a smaller active area than that of the SiNW subcell is optimal for maximizing current production, which is favorable to the cost reduction of the device. This hybrid configuration is particularly advantageous for terrestrial applications, such as electric vehicles, which demand lightweight, high-performance multijunction solar cell devices. Although the weight reduction of the characterized SiNW solar cell with a full silicon substrate compared to its planar solar cell counterpart is 1.8%, recommendations to increase this reduction to as much as 64.5% are discussed to conclude this paper.
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1 INTRODUCTION
Silicon photovoltaics (Si PV) represent by far the most developed and widely explored solar cell technology. The highest solar cell efficiencies garnered were approximately 27% (Yoshikawa et al., 2017; Slade and Garboushian, 2005), while the Shockley–Queisser (SQ) efficiency limit for a 1.1 eV single-junction Si solar cell was calculated to be approximately 32% (Rühle, 2016). With these, key technologies are being explored and technical challenges are being addressed to finally reach or even exceed the SQ efficiency limit. There are fundamental reasons why this efficiency limit is difficult to reach, although the Si PV technology is considered mature. One reason is the angle mismatch and temperature differences between the photon absorption and emission of the solar cell material, also known as Boltzmann loss (Hirst and Ekins-Daukes, 2011). In addition, a planar Si solar cell absorber typically allows only one photon excitation and requires longer carrier lifetimes as compared with its low-dimensional structure counterparts. A potential solution to this is the use of nanostructured solar cells. Nanostructured solar cells, like Si nanowires (SiNWs), allow multiple exciton generation (MEG), which then increases carrier generation available for collection (Fukata et al., 2017). Although the first versions of SiNW solar cells achieved an efficiency of less than 1% (Tsakalakos et al., 2007; Stelzner et al., 2008), as of this article, multiple studies have already explored how to optimize SiNW solar cells (Kumar et al., 2011; Huang et al., 2012; Jung et al., 2013). SiNW solar cells, when designed with periodicity on the same order as the photon wavelength, can demonstrate high light-trapping efficiencies (Garnett and Yang, 2010; Yu et al., 2016), thereby allowing more photons to excite electrons in the conduction band and produce current. Another possible way is to concentrate sunlight on the Si absorber. Although there have been studies on planar Si single junction solar cells (1JSCs) (Yoshikawa et al., 2017; Campbell and Green, 1986; Sinton and Swanson, 1987; Xing et al., 2015; Sinton et al., 1986; Green et al., 1986), there are no studies yet on SiNW 1JSCs for concentrator systems to the best of the authors’ knowledge. Such studies were probably unpursued due to the unwanted effects of Auger recombination at high temperatures brought about by long exposure to high solar irradiance (Vossier et al., 2010).
Currently, the highest solar cell efficiency is achieved by multijunction solar cells (MJSCs) made entirely of III–V compound semiconductors, reaching an efficiency of 47.6% under a sunlight concentration of 665 suns (Fraunhofer Institute for Solar Energy Systems, 2022), where 1 sun is 100 mW/cm2. Despite their superior performance, these cells are prone to thermal runaway over time (Zimmermann, 2013; Bett and Yarema, 2022; Nakamura et al., 2023; Algora, 2007), which can significantly reduce their lifespan. Additionally, the limited availability of group III materials poses substantial challenges for their widespread commercialization (Fitchette and Freundlich, 2016). To address these issues, replacing the long-wavelength absorber with a more cost-effective material, such as silicon, in concentrator III–V-based MJSCs could lower the overall cost of this technology. Although III–V on planar Si MJSCs have been extensively studied for terrestrial applications (Yamaguchi et al., 2024; Essig et al., 2017; Schygulla et al., 2022), the current record efficiency for these devices is held by wafer-bonded, two-terminal III–V//Si triple-junction solar cells (3JSCs), which have achieved an efficiency of 36.1% under concentrated sunlight conditions (Schygulla et al., 2023). Although there are several studies already on nanostructured III–V on Si MJSCs (Tong, 2023; Mi and Chang, 2009; Zhao et al., 2008), specific studies on III-V on nanostructured Si MJSCs have no publications to date with no studies published to date. Meanwhile, perovskite-on-Si tandem solar cells have demonstrated efficiencies (Liu et al., 2023) of approximately 34%. Despite their promising performance, these cells are susceptible to degradation under prolonged sunlight exposure, which can lead to phase changes in the perovskite layer. This vulnerability raises concerns about their performance stability, particularly when exposed to concentrated sunlight over extended periods, where the degradation may be accelerated (Azkar Ul et al., 2024; Deng et al., 2018; Hou et al., 2020; Schulze et al., 2020; Köhnen et al., 2021).
From the gaps identified, it may be worth exploring at which amount of sunlight concentration (in suns) will the SiNW solar cells deliver the optimal efficiency and determine their suitability as bottom cells for III–V-based MJSCs. Hence, we explored the performance of nanoimprinted SiNW solar cells at sunlight concentration factors between 1 and 20 suns and at various cell operating temperatures between 25°C and 100°C. Investigating these effects is critical for optimizing solar cell designs for real-world applications, particularly in varying environmental conditions. Additionally, we obtained the current–voltage (J-V) characteristics of an SiNW 1JSC electrically connected to a commercial lattice-matched (LM) InGaP/GaAs dual-junction solar cell (2JSC) to determine the performance of the SiNW as a bottom cell for III–V-based MJSCs. This was explored to leverage the high efficiency of III–V cells while potentially reducing costs through the use of SiNW technology. This hybrid approach is particularly relevant for terrestrial applications, such as electric vehicles, where cost-effective and efficient energy solutions are increasingly necessary (Yamaguchi et al., 2021; Stauch, 2021; Alanazi, 2023).
2 MATERIALS AND METHODS
2.1 SiNW nanoimprint on 2” (100) n-Si wafers
SiNWs on a 2″ n-type Si (100) substrates were fabricated by nanoimprinting, followed by the Bosch process, as done by Jevasuwan et al. (2016), with some modifications. First, a 300-nm-thick commercial photoresist (NIAC) was spin-coated onto the samples at 4,000 rpm for 60 s. Following the spin-coating, the samples were baked at 70°C for 20 s to ensure that the photoresist was adequately dried. Next, a 30-nm-thick magnesium oxide (MgO) layer was deposited on the photoresist. This layer serves as a mask for the subsequent patterning of the nanowires. The patterning was achieved using UV nanoimprint lithography, employing a circular mask file to define the desired features. The 30-nm-thick MgO layer provides sufficient coverage for effective masking during the imprinting process. After imprinting, the wafers were baked for 5 min. Next, the photoresist was lifted off using an N-methyl-2-pyrrolidone (NMP) solution. After this, the wafers with the nanoimprinted wires were subjected to the Bosch process. Specifically, this step employed deep Si etching for 3 min using SF6 and C4F8 plasma. These gases were kept at a flow rate of 35 sccm under 0.75 Pa. The RF power of the plasma was set at 100 W. The etching depth was confirmed after deep Si etching using scanning electron microscopy (SEM). Finally, the 30-nm MgO layer was etched out using a 1% H3PO4 solution. The process flow of the SiNW nanoimprinting lithography described is shown in Figure 1. The SiNW pitch and height are both 500 nm, and the diameter is 200 nm, as illustrated in Figure 2A, and the arrays of SiNW viewed in SEM are shown in Figure 2B.
[image: Figure 1]FIGURE 1 | Process flow diagram of SiNW nanoimprinting lithography.
[image: Figure 2]FIGURE 2 | (A) Cross-section illustration (not to scale) of SiNWs with dimensions indicated. (B) Tilted (30°) cross-section SEM image of nanoimprinted SiNWs before junction growth viewed at 25.0 k magnification, 10.0 kV. The scale bar is 2.00 µm.
2.2 SiNW solar cell fabrication
After nanoimprinting the SiNW on n-Si substrates, solar cell fabrication was done as follows. First, the samples were cut into a size of 15 mm × 15 mm and then pre-treated with 2% hydrofluoric (HF) acid for 90 s. Next, the junction was grown by chemical vapor deposition (CVD) at 750°C for 3 min, while SiH4 and B2H6 gases were flown at 19 and 0.5 sccm, respectively. The thickness of the p-type Si in this condition was approximately 70 nm. The back surface underwent dry etching for 40 min using SF6 gas at a flow rate of 20 sccm. Then, the samples were treated with 2% HF acid for 60 s. The back surface was spin-coated with a p-dopant solution at 5,000 rpm for 60 s. The samples with back surface p-dopant were then subjected to thermal annealing at 850°C for 25 min to allow phosphorus diffusion. After this, the samples were treated with 5% HF acid for 2 min to remove the residual dopant solution at the backside and reduce surface oxides. Next, the Ti/Ag back contact multilayer was deposited by reactive sputtering. The Ti layer was deposited at an RF power of 200 W for 16 min, while the Ag layer was deposited at a DC power of 170 W for 4 min. These back electrode layers were grown to a size of 50 nm and 200 nm, respectively. Both steps were done while 15 sccm Ar gas was flowing in the sputter chamber. Then, on the front side, a 250-nm Ag layer was deposited by reactive sputtering at a DC power of 170 W for 4 min, and Ar gas was also flown at 15 sccm. A stainless-steel mask (SUS304) was used to selectively deposit the front electrode pattern. Finally, an approximately 120-nm-thick indium–tin oxide (ITO) layer was deposited on the front surface of the device by reactive sputtering. The sputtering process was carried out at an RF power of 100 W for approximately 14 min. During the deposition, Ar and O2 gases were introduced into the sputtering chamber at flow rates of 19.2 sccm and 0.8 sccm, respectively. The ITO layer serves as a transparent conductive electrode that aims to enhance carrier collection from the device. The same process was used for fabricating the planar Si solar cells. The simplified cross-section schematics of the solar cells are shown in Figure 3.
[image: Figure 3]FIGURE 3 | Cross-section schematic illustration of (A) planar Si and (B) SiNW solar cells.
After ITO layer sputtering, the samples were manually cut with a diamond pen within the spans of the front electrode’s busbars and grid. Thus, the effective active area of each sample was expected to be different. The effective cell areas were determined by the ratio and proportion of the cell’s short-circuit current, ISC, in amperes with and without a 0.16-cm2 mask on the cell during measurement. The measured effective active areas of the best planar Si and SiNW solar cell samples were 0.33 and 0.43 cm2, respectively.
2.3 Optoelectronic characterization
2.3.1 Current–voltage (J–V) characteristic measurements
The DC J–V characteristic measurements were acquired from planar Si and SiNW solar cells. There were two setups used for these measurements. One was a continuous 150-W Xe white bias lamp (Bunkoukeiki Co., Ltd.) simulating the 1-sun, global air mass 1.5 (AM 1.5G) standard condition. It has an illumination area of 20 mm × 20 mm, JIS C8912/C8933 class A spectral match, and a non-uniformity irradiance of ±5%. Its light intensity stability is within ±3%. On the other hand, the pulsed J–V measurement setup that simulates variable sunlight concentration factors employed a flash lighting system (Sugawara Laboratories Inc.: ESD-VF2M-U2 strobe driver and SLA-153-U1 lamp housing). The flash lamp’s flashing range, duration, and delay time are 0.22 Hz, 50 µs to 2 m, and 10 µs, respectively. Both lamps were irradiated through AM 1.5 G filters and were calibrated with a commercial crystalline Si photodetector diode with known 1-sun current production (Bunkokeiki, 2012).
Right after electrode fabrication, the 1-sun J–V characteristics of the planar Si and SiNW solar cells were measured at room temperature using the continuous lamp. Then, prior to pulsed J–V characteristic curve measurements, the back contacts of the bare cells were mounted on different Cu plates using In paste at 180°C. After cooling down, the front electrodes were bonded using the Al wire to the other side of the Cu plate, which is electrically isolated from where the back contact was mounted. The actual images of the mounted samples are shown in Supplementary Figure S1. The pulsed J–V curves were obtained at various concentration factors between 1 and 20 suns. Using a Peltier stage, pulse measurements were also obtained at various cell temperatures between 25°C and 100°C.
We also measured the current–voltage characteristic curves from the p-on-n SiNW 1JSC using an InGaP/GaAs 2J filter, a commercial n-on-p InGaP/GaAs 2JSC and series-connected commercial n-on-p InGaP/GaAs 2JSC and SiNW 1JSC we fabricated to emulate a three-terminal, triple-junction solar cell (3JSC), hereby referred to as InGaP/GaAs//SiNW 3JSC. The series-connected InGaP/GaAs//SiNW 3JSC was measured using two independent, AM 1.5G 1-sun calibrated solar simulators. A schematic of the dual lamp setup is shown in Figure 4.
[image: Figure 4]FIGURE 4 | Schematic illustration of dual AM 1.5G, 1-sun-calibrated lamp setup for measuring the J–V characteristics of InGaP/GaAs//SiNW 3JSC. The measured InGaP/GaAs 2JSC is an n-on-p device, while the series-connected SiNW 1JSC is a p-on-n device.
The series resistance, RS, and shunt resistance, RSH, were approximated using
[image: image]
where Vu+1 and Vu are adjacent voltages; Ju+1 and Ju are the adjacent current densities corresponding to Vu+1 and Vu, respectively; and w is the total number of data points within the voltage range chosen. The voltage ranges used in RS and RSH calculations were from VOC to VOC + 0.04 V and from 0 to 0.2 V, respectively, in which these parasitic resistances are most pronounced.
2.3.2 External quantum efficiency measurements
External quantum efficiency (EQE) measurements were obtained to quantify the photon-to-electron conversion of the planar Si and nanoimprinted SiNW solar cells. A chopped monochromated light was used to illuminate the samples during measurements. The monochromated light sources are 500-W Xe and 400-W halogen lamps calibrated at AM 1.5G conditions using a crystalline Si photodetector diode with known 1-sun current production (Bunkokeiki, 2012). The lamps have JIS C8912/C8933 Class A standard spectral match, irradiation intensities of 5–50 μW/cm2 between 300 and 1,200 nm, positional non-uniformity of within ±2.5%, wavelength intensity constancy within ±3%, and a maximum wavelength variability of 20 nm. The illumination area is within 20 mm × 20 mm. Using a Peltier stage, EQE measurements at various cell temperatures were carried out. The measurements were acquired at short-circuit conditions, i.e., at V = 0 V. Then, the current density was derived using the relation
[image: image]
where [image: image] and [image: image] are the absorption range limits of the evaluated cell, [image: image] is the wavelength-dependent AM 1.5G irradiance based on ASTM G-173 standard (ASTM Standard Reference Spectra G173-03, 2012), q is the electron charge, h is the Planck’s constant, and c is the speed of light.
2.3.3 Laser beam-induced current mapping
One can employ laser beam-induced current (LBIC) mapping to observe the quality of the cell’s active area (Bajaj et al., 1987; Honsberg and Bowden, 2010) and quantify its current production uniformity. In this work, a modulated 785-nm laser was used to excite the Si solar cells. Modulating a laser enables enhanced signal-to-noise ratio (SNR) and improved spatial resolution, which results in better quality of LBIC map images. The measured laser power density, switching frequency, scanning frequency, and duty cycle of the laser are 3,550 mW/cm2, 2000 Hz, 2 Hz, and 50%, respectively. The Peltier stage was also used to vary the cell operating temperature between 25°C and 100°C (Yu Jeco et al., 2019a; Yu Jeco et al., 2018a).
To quantify the homogeneity of carrier collection, the current uniformity was calculated using standard deviation, [image: image], normalized with average LBIC, [image: image], which is then given as (Yu Jeco et al., 2019a; Yu Jeco et al., 2018a; Yu Jeco-Espaldon et al., 2020; Yu Jeco et al., 2019b; Yu Jeco et al., 2016; Yu Jeco et al., 2017a; Yu Jeco et al., 2018b; Yu Jeco et al., 2017b)
[image: image]
where [image: image] is the total number of LBIC map points and [image: image] is the current at spot [image: image]. Here, a lower [image: image] value means better current production uniformity and hence better cell quality. Although generally only σJ is calculated, normalizing with JLBIC,ave eliminates the differences in carrier collection efficiency among the samples, thereby yielding a fair comparison of their current uniformity. In addition, the perimeter region was excluded from the calculation to suppress the influence of perimeter recombination.
3 RESULTS AND DISCUSSION
3.1 Planar Si and SiNW 1JSCs at 1-sun, room temperature
3.1.1 J–V characteristic curve
The J–V characteristic curves of planar Si and SiNW solar cells were measured to determine their electrical performance in pristine conditions, particularly after ITO layer deposition. Figure 5 shows the J–V characteristic curves of the best-performing planar Si and SiNW solar cells at 1-sun, AM 1.5G, room temperature condition. The electrical parameters of the solar cells derived from 1-sun J–V characteristic curves are listed in Table 1. By visual inspection, it can be inferred that the performance of the SiNW solar cell is better than that of the planar Si solar cell. Such inference is reflected numerically in their short-circuit currents, JSC, open-circuit voltages, VOC, and conversion efficiencies, η. Approximately 4.1% higher η than the η of the planar structure was achieved using the SiNW structure for solar cells. However, the fill factor (FF) of SiNW is less than the FF of the planar Si solar cell. This is attributed to the SiNW solar cell having a significantly larger JSC than planar Si while having a small difference in VOC. The reason the VOC of the SiNW 1JSC did not increase significantly compared to the VOC of the planar Si 1JSC can be explained as follows. Their energy gaps, E.g., did not vary because the NW height (500 nm) and diameter (200 nm) are still too high to induce the quantum confinement effect. In past literature, the NW diameter, dNW, that can cause a noticeable increase in E.g., should be in the range of 1–10 nm (Xia and Cheah, 1997; Li and Wang, 2004). Using the relation between the change in E.g., ΔEg, and dNW (Li and Wang, 2004), we have
[image: image]
where βNW and αNW for Si were empirically determined to be 1.53 and the unit of βNW is eV × (nm)α; the estimated [image: image] for a 200-nm SiNW is 0.46 meV. If the E.g., offset, WOC, is approximately 400 meV for Si (King et al., 2011); then, based on the definition of WOC, which relates E.g., and VOC,
[image: image]
A 0.46 meV increase in E.g., does not significantly change VOC as it would if dNW is approximately 1–10 nm. If dNW was either 1 nm or 10 nm, ΔEg would have been 1.53 eV and 45.2 meV, respectively.
[image: Figure 5]FIGURE 5 | One-sun, AM 1.5G J–V characteristic measurements obtained from planar Si and SiNW 1JSCs after ITO layer deposition.
TABLE 1 | Planar Si and SiNW solar cell performance at 1-sun, AM 1.5G illumination, and room temperature.
[image: Table 1]3.1.2 EQE measurements
EQE measurements were obtained from Cu-mounted planar and SiNW 1JSC. Figure 6 shows the EQE response of the solar cells. Between 350 and 450 nm, the EQE response of the planar Si solar cell was higher than that of the SiNW. Since the SiNW has a larger surface area than planar Si, more surface defects may form, thereby degrading the EQE response at shorter wavelengths. On the other hand, beyond 450 nm, the EQE response of the SiNW solar cell is much higher than that of the planar Si solar cell. Surface recombination has less impact on longer wavelengths as they are absorbed deeper in the bulk silicon, away from the surface defects. Carriers generated deeper in the bulk by longer wavelengths have a higher probability of being collected despite surface defects (Oh et al., 2012). One way to mitigate this is to coat the SiNW with Ir(III). Our device did not have an Ir(III) coating (Kim et al., 2018); hence, compared with the planar 1JSC, the light-to-electricity conversion in SiNW 1JSC was only improved from 450 nm and beyond.
[image: Figure 6]FIGURE 6 | EQE measurements obtained from planar Si and SiNW solar cells at room temperature. The dashed–dotted lines are placed at 670 nm (≈Eg,InGaP = 1.87 eV) and 870 nm (≈Eg,GaAs = 1.42 eV).
As for the potential use of the SiNW as a lower-bandgap subcell in an MJSC device, one must select an upper subcell that will enable the SiNW subcell to absorb wavelengths beyond 450 nm. To explore this further, the JSC values at two wavelength ranges were derived from the EQE measurements. The ranges of 670–1,200 nm and 870–1,200 nm were chosen to determine how much JSC the SiNW subcell may produce when stacked with InGaP only and InGaP/GaAs absorbers, respectively. These materials are typically used as upper subcells of III–V-based MJSCs (Cotal et al., 2009), where the bandgaps of InGaP and GaAs are 1.87 and 1.42 eV (Kazuaki and Takaaki, 2011), corresponding to absorption band edges of approximately 670 nm and 870 nm, respectively. The calculated JSC values from EQE at different wavelength ranges using Equation 2 are summarized in Table 2. Based on the calculated JSC values, the currents required for matching the SiNW as a bottom cell with an InGaP top cell and an InGaP/GaAs 2J tandem cell are approximately 15.74 and 5.40 mA/cm2, respectively. Practically, the JSC of III–V-based individual and tandem cells is approximately 10–14 mA/cm2 at 1 sun (Cotal et al., 2009; Takamoto et al., 2005; Lueck et al., 2006). Thus, the estimated current mismatch for InGaP and InGaP/GaAs on SiNW systems would be 1.74–5.74 mA/cm2 and 4.6–8.6 mA/cm2, respectively. Nevertheless, there are possible approaches to augment this issue. The simplest approach would be to implement a three-terminal configuration in which a third conductive electrode is placed between the III–V and the SiNW subcells (Schnabel et al., 2020). Meanwhile, if the SiNW, as a lower-bandgap subcell, does not limit the monolithic or wafer-bonded MJSC current, i.e., in the InGaP//SiNW tandem case, one may try to select a much shorter or larger NW array periodicity or a shorter NW height to reduce its current production (Elrashidi, 2022). In the case of SiNW being the current-limiting bottom cell (InGaP/GaAs//SiNW case), one may use a photo-assistive layer to enhance SiNW carrier collection by the luminescent coupling effect (Yu Jeco-Espaldon et al., 2020). In current-mismatched MJSCs, the luminescent coupling effect is the reabsorption of photons in a lower-bandgap subcell (Baur et al., 2007; Lee et al., 2011; Derkacs et al., 2012; Friedman et al., 2013; Steiner et al., 2012; Friedman et al., 2014). Specifically, these photons were emitted from a higher-bandgap subcell or a photo-emissive layer toward a lower-bandgap subcell.
TABLE 2 | Planar Si and SiNW 1JSC JSC derived from 1 sun EQE measurements at various wavelength ranges.
[image: Table 2]3.1.3 Laser beam-induced current mapping
To observe the current uniformity of planar Si and SiNW solar cells, LBIC measurements were acquired after ITO layer sputtering. Figures 7A, B show the LBIC maps of planar Si and SiNW solar cells, respectively. Their average LBIC and normalized current uniformities calculated using Equation 3 are listed in Table 3. The low-current regions are the busbar and the grid fingers of the solar cells, while the high-current regions are the active cell areas. Comparing the active regions of the cells, SiNW was found to yield larger current production than the planar Si. This agrees with the JSC of the SiNW solar cell acquired from J–V characteristics and EQE measurements, being larger than those of the planar Si solar cell. Although the maps were acquired at zero-bias (V = 0) conditions, it should be noted that the LBIC is much less than the JSC because the LBIC is the current measured per laser spot area and only uses a single-wavelength light source. SiNW LBIC yielded lower [image: image]/JLBIC,ave, indicating that it produced a more uniform current. In addition, although the perimeter was excluded from [image: image]/JLBIC,ave calculation, there are still sources of errors, such as the valley currents obtained from the front grid pattern whose width is in the same order as that of the 785 nm excitation laser spot diameter and the difference in cell active area, since the size of the perimeter region assumed was the same for both sample measurements. Nevertheless, the LBIC map colors of the active regions of the samples in Figure 7 qualitatively show that the calculated [image: image]/JLBIC,ave can be considered reliable.
[image: Figure 7]FIGURE 7 | LBIC maps measured from (A) planar Si and (B) SiNW 1JSCs at room temperature and zero-bias (V = 0 V) conditions.
TABLE 3 | Average LBIC, JLBIC,ave, and normalized current uniformities, [image: image], of planar Si and SiNW 1JSCs.
[image: Table 3]3.2 Planar Si and SiNW solar cells at various concentration factors and operating temperatures
After 1JSC measurements at 1 sun, room temperature, pulsed J–V characteristics, EQE and LBIC measurements were done at various temperatures. To allow fair comparison and to be accommodated by the contact probes of the pulsed J–V characteristic measurement setup, each of the best-performing planar Si and SiNW solar cells was mounted on a Cu plate.
3.2.1 Pulsed J–V characteristic measurements
Pulsed J–V characteristic curves of Cu-plate-mounted planar Si and SiNW solar cells are shown in Supplementary Figure S2. These curves were obtained at various concentration factors and cell temperatures. Although SiNW solar cell performance is superior at 1 sun, shunt resistances (RSH) became more severe with concentration factors of 15 suns and higher, compared to planar Si (Supplementary Tables S1, S2). These results suggest that the increased concentration factor aggravates surface recombination in SiNWs. To solve this, surface passivation or two-step H2 annealing (Jevasuwan et al., 2017) of SiNW solar cells is recommended. Moreover, although the RSH trend generally decreased with an increasing concentration factor, some data points deviated from this trend, particularly at 2.5 suns and 25°C and 40°C for planar 1JSC and at 7.5 suns and 25°C and 2.5 suns and 40°C for SiNW 1JSC, as shown in Supplementary Figures S3A, B. This is attributed to the flashing duration of the pulsed lamp used, which ranges between 50 µs and 2 m, as described in Section 2.3.1. This can cause some fluctuations during current measurement at each voltage applied because of the variability in the Xe lamp used (De Rooij, 2024; Chawla, 2024), which then affects the RSH calculation using Equation 1. On the other hand, it is difficult to comment on the evolution of series resistance (RS) with temperature since these values are within the same order of magnitude (Supplementary Tables S3, S4; Supplementary Figures S3C, D). Nevertheless, the calculated RS for both samples at any temperature decreased with increasing concentration factor. Because the flash lamp irradiated the whole area of the cell, the RS trend with increasing concentration factor may be attributed to the photon healing effect occurring within the cell perimeter, thereby increasing lateral transport efficiency (Ramspeck et al., 2007; Trupke et al., 2007; Hinken et al., 2007; Kampwerth et al., 2008; Xu et al., 2019). However, the photon healing effect was found insufficient to reduce surface recombination, most especially with SiNW solar cells characterized at higher concentration factors.
Figures 8A, B and Supplementary Tables S5, S6 show the evolution of JSC with an increasing concentration factor at various operating temperatures of planar Si and SiNW solar cells, respectively. Here, the error bars indicate the standard deviation of three measurement trials. The SiNW solar cell yielded a larger JSC than the planar Si. Based on the shape of the J–V curves, the larger JSC in SiNW solar cells is partially due to the leakage current brought about by surface defects and, hence, not necessarily a desirable current increase. This agrees with the lower RSH values calculated at higher concentration factors, as discussed earlier. The trend of planar Si and SiNW solar cells’ VOC with increasing cell temperature and concentration factor showed no difference, as plotted in Figures 8C, D and listed in Supplementary Tables S7, S8. On the other hand, the planar Si 1JSC VOC values were found to be generally larger than those of the SiNW 1JSC, which is contrary to the observation made before they were mounted on a Cu plate, as shown in Figure 5 and Table 1. This contrasting observation then suggests that the contact quality of the back electrode of the planar Si 1JSC with the In paste and the Cu plate is better than that of the SiNW 1JSC.
[image: Figure 8]FIGURE 8 | (A–B) JSC, (C–D) VOC, (E–F) FF, and (G–H) η of the best performing planar Si and SiNW 1JSCs mounted on the Cu plate, respectively, at various cell operating temperatures and concentration factors. The error bars indicate the standard deviation derived from three trials of measurements. The JSC, VOC, and FF values plotted in (A–F) were directly obtained from raw J–V characteristics shown in Supplementary Figure S2, while the η values plotted in (G, H) were adjusted by +0.77% and +4.53% to eliminate the parasitic resistance effects caused by Cu plate mounting using the In paste. The calculation of η value adjustments, Δη, is discussed in Supplementary Material, Section 1.2.
Figure 8E and Supplementary Table S9 show that an optimal FF is achieved at approximately 5 suns for the planar Si solar cell. On the other hand, the FF of the SiNW solar cell degraded with an increased concentration factor at any cell operating temperature (Figure 8F; Supplementary Table S10). Moreover, the decrease in FF of the SiNW solar cell with increasing cell temperature is sharper as compared to the FF of the planar Si solar cells. Aside from having a lower-quality Cu plate contact, these observed degradations can be explained as follows. As temperature increases, the rate of electron–hole recombination increases. This phenomenon is particularly pronounced in SiNW structures due to their high surface-to-volume ratio, which leads to more surface states that can act as recombination centers. In addition, as light concentration increases, the number of charge carriers generated in the SiNW solar cell also increases significantly. This leads to higher recombination rates, especially in the presence of defects or impurities in the SiNW. The increased recombination reduces the effective RSH, which then degrades the FF as more carriers are lost before contributing to the output current. These findings further confirm the detrimental effect of surface defects in the SiNW solar cell with increasing concentration factor. Consequently, the conversion efficiency, η, of the planar Si 1JSC (Figure 8G; Supplementary Table S11) at a higher concentration factor is generally superior to that of the SiNW 1JSC (Figure 8H; Supplementary Table S12).
The η values in Figures 8G, H were adjusted by +0.77% and +4.53% to eliminate the parasitic resistance effects caused by Cu plate mounting using the In paste. The calculation of η value adjustments, Δη, can be found in Supplementary Material, Section 1.2. The optimal concentration factor that yields the highest conversion efficiencies for solar cells is approximately 7.5 suns at cell temperatures of 40°C. In particular, the absolute conversion efficiency under these conditions is 1.05% higher than that under 1 sun. Upon comparing to a planar Si 1JSC under the same condition, the SiNW 1JSC achieved a 3.75% absolute increase in conversion efficiency. In CPV systems, there exists an optimal concentration factor at which a solar cell operates most efficiently. If the concentration factor exceeds this optimal level, thermodynamic principles indicate that a portion of the concentrated sunlight will be lost as heat, leading to reduced efficiency. Therefore, SiNW solar cells would be more suitable for low-concentration photovoltaic applications rather than for high-concentration scenarios.
3.2.2 One-sun EQE measurements at different cell operating temperatures
The EQE responses of Cu plate-mounted planar Si and SiNW solar cells are shown in Figures 9A, B, respectively. The redshift of EQE tails with increasing cell operating temperatures indicates bandgap reduction and is a typical behavior for a semiconductor device (Varshni, 1967; Tobnaghi et al., 2013; Schlangenotto et al., 1974; Lautenschlager et al., 1985; Alex et al., 1996; Loureno et al., 2004; Ishitani et al., 1994). As one may infer from the JSC values derived from EQE measurements using Equation 2 (Table 4), this redshift can be beneficial if the SiNW is used as a lower bandgap subcell in an MJSC structure. This can be inferred from the higher JSC calculated at higher temperatures for the 870–1,200 nm range.
[image: Figure 9]FIGURE 9 | One-sun EQE response of Cu-mounted (A) planar Si and (B) SiNW solar cells at various cell operating temperatures.
TABLE 4 | Planar Si and SiNW solar cell JSC calculated from 1 sun EQE measurements at various wavelength ranges and operating temperatures.
[image: Table 4]On the other hand, the reduction in the EQE response with increasing cell temperature is more abrupt in the SiNW than that of the planar Si, particularly at wavelengths between 450 nm and 950 nm. This suggests that more events of carrier recombination could happen in the SiNW at high operating temperatures, which can happen at higher concentration factors due to thermal runaway. This agrees with the sharp decrease in FF with increasing concentration factor and cell operating temperature, as discussed in Section 3.2.1. Therefore, when using the SiNW solar cell for CPV applications, a cooling system should be included in the system design to help maintain lower operating temperatures. In addition, we can increase the p-shell growth time during CVD (Adachi et al., 2013) to possibly achieve EQE tail redshift in the SiNW, which will be favorable to the current-matching within III–V on SiNW MJSCs. However, if the p-shell is too thick, the SiNW 1JSC may experience increased recombination due to defect formation (Adachi et al., 2013), doping imbalances, and increased resistance (Kendrick et al., 2017). Therefore, the p-shell must be optimized to achieve EQE tail redshift without compromising on the SiNW 1JSC device quality.
3.2.3 LBIC mapping at various cell temperatures
Figure 10A–E and Figure 10F–J show the LBIC maps of Cu plate-mounted planar Si and SiNW 1JSCs, respectively, at cell temperatures between 25°C and 100°C, and Table 5 provides a summary of their averaged LBIC, JLBIC,ave, and normalized current uniformity, σJ/JLBIC,ave. The JLBIC,ave of the SiNW 1JSC was consistently higher than that of the planar Si at any cell temperature. However, as discussed earlier, a portion of the SiNW current may increase due to shunt leakage, which is not necessarily desirable. Meanwhile, current degradation with increasing cell temperature was observed in both solar cells. This observed decrease in current is attributed to an increase in nonradiative recombination events at higher temperatures brought about by elevated energy of charge carriers in the device (Schubert et al., 2018; Shaker et al., 2024). On the other hand, σJ/JLBIC,ave has no definite trend in both cells. As it does not vary by more than hundredths, it may be inferred that the σJ/JLBIC,ave did not vary with cell temperature, as previously observed in III–V solar cell materials (Yu Jeco et al., 2019a; Yu Jeco et al., 2018a).
[image: Figure 10]FIGURE 10 | LBIC measurements acquired from Cu-mounted (A–E) planar Si and (F–J) SiNW solar cell at cell operating temperatures between 25°C and 100°C.
TABLE 5 | Average LBIC current, JLBIC,ave, and normalized current uniformity, σJ/JLBIC,ave, of Cu-mounted planar Si and SiNW 1JSCs at different cell temperatures.
[image: Table 5]3.3 Characterizing the SiNW as a bottom cell for III–V MJSC
As mentioned earlier, SiNWs are attractive candidates as the bottom cell material for III–V-based MJSCs because they have better light trapping and a shorter charge separation distance in the junction than their planar counterparts. In this section, we characterized the EQE of SiNW 1JSC with and without the InGaP/GaAs 2J filter, and each active layer of the InGaP/GaAs 2JSC was measured. As shown in Figure 11, adding an SiNW as a bottom cell to the III–V 2JSC extended the absorption range to the infrared region, from approximately 850 nm to 1,200 nm. In Figure 11, the EQE of planar 1JSC was added for ease of comparison. Comparing the SiNW EQE as 1JSC under the InGaP/GaAs 2J filter, it can be observed that the filtered SiNW has a lower EQE than the unfiltered SiNW 1JSC at 850 nm–1,200 nm. This could be due to optical losses, such as reflection and destructive light interference, in the 2J filter.
[image: Figure 11]FIGURE 11 | Measured EQE of planar and SiNW 1JSC without the 2J filter (dotted lines), SiNW 1JSC with the 2J filter (solid line), InGaP/GaAs 2JSC (dashed line), and InGaP/GaAs 2JSC in series with the SiNW 1JSC (dash–dotted line).
Based on the derived ISC from independent EQE measurements of InGaP/GaAs 2JSC and SiNW 1JSC with and without the 2J filter (Table 6), the latter will be limiting the current of the InGaP/GaAs//SiNW 3JSC. This is also considering that the InGaP/GaAs 2JSC, measured independently, has an active area, Acell, of 1.00 cm2 and that it is made up of direct bandgap III–V absorbers, which can deliver much higher power conversion efficiency than Si. Thus, for the 1-sun J–V characteristic measurement, we applied a laser-cut metal mask with a 0.20 cm2 aperture on top of the 1.00-cm2 InGaP/GaAs 2JSC to reduce the current production on it. The resultant J–V curves and the derived electrical performances are shown in Figure 12 and Table 7, respectively. With a 0.20-cm2 mask, the InGaP/GaAs 2JSC became the current-limiting cell. This suggests that there is an optimal active area that will current-match the SiNW bottom cell. This observation implicitly agrees with that of a recent theoretical study (Yu Jeco-Espaldon and Okada, 2023), in which a GaAs/Si tandem absorber was conjectured to deliver the optimal efficiency if the Si bottom cell area is 1.5 times larger than the upper III–V cell area. Thus, for a 0.39-cm2 SiNW 1JSC with the ITO conductive layer, the optimal active area of the upper InGaP/GaAs 2JSC could be approximately 0.26 cm2. This approach is also favorable to the device cost because the optimal area suggested reduces the amount of the III–V material needed.
TABLE 6 | JSC of the InGaP/GaAs 2JSC and SiNW 1JSC with and without the InGaP/GaAs 2J filter calculated from 1 sun EQE measurements at room temperature.
[image: Table 6][image: Figure 12]FIGURE 12 | Measured AM 1.5G, 1-sun J–V characteristic curves of SiNW 1JSC, InGaP/GaAs 2JSC, and InGaP/GaAs 2JSC in series with the SiNW 1JSC. The measurements with the InGaP/GaAs 2JSC were obtained, while a laser-cut metal mask with a 0.20-cm2 square aperture was placed on top of the 2JSC in an attempt to match the current generation of the SiNW 1JSC.
TABLE 7 | Summary of electrical performance of the SiNW 1JSC, InGaP/GaAs 2JSC, and InGaP/GaAs 2JSC in series with the SiNW 1JSC under 1-sun, AM 1.5G, room temperature.
[image: Table 7]It can be noticed that there is a discrepancy between the ISC derived from the EQE and the one measured under 1-sun J–V characteristics. This can be attributed to differences in the light sources used in these independent measurements. The EQE measurement typically employs a monochromatic light source, whereas the 1-sun J–V characteristic measurement uses a solar simulator lamp, which aims to replicate the solar spectrum. Variations in the spectral output and intensity distribution between these light sources can lead to differences in the ISC values (Sheng et al., 2021; Park et al., 2023; National Renewable Energy Laboratory, 2024).
On a further note, the SiNW 1JSC characterized was fabricated without NW passivation and H2 annealing. To further boost the conversion efficiency of III–V//SiNW MJSCs, one may add surface passivation and H2 annealing steps (Jevasuwan et al., 2017; Yang and Zeng, 2021; Wang et al., 2014; Li et al., 2013). These are already known to reduce surface defects, which is one of the main challenges in fabricating a nanostructured solar cell. If we then improve the quality of SiNW bottom cells, we may be able to further reduce the active area of the upper III–V subcell for optimal current matching in a III–V//SiNW MJSC device.
Aside from III–V upper subcell area reduction, another approach that can be explored to achieve low payload, flexible, and high-efficiency III–V//SiNW MJSCs for electric vehicle applications is reducing their thickness. In particular, substrate removal by epitaxial lift-off (ELO) (Bauhuis et al., 2014; Konagai et al., 1978) and substrate thickness reduction by wet chemical etching (Duda et al., 2012), dry etching (Yoo, 2010), or a combined approach of continuous-plasma CVD and contact-free laser transfer printing technique (Li et al., 2024; Xiong et al., 2018; Sheng et al., 2014; Lumb et al., 2014) can be applied. In this work, no substrate thinning was done for the SiNW 1JSC. Thus, compared to its planar counterpart, the percent weight reduction of Si, %ΔwSi, is only 1.8% for an SiNW fabricated in a 280-µm-thick substrate. However, if we fabricate an SiNW 1JSC on a 100-µm-thick Si substrate, %ΔwSi of approximately 64.5% can be achieved. The detailed calculation can be found in Supplementary Material and Section 1.3.
4 CONCLUSION
This study demonstrated that nanoimprinted SiNW solar cells achieve optimal efficiency under low sunlight concentration at temperatures of 40°C or lower and a concentration factor of 7.5 suns, resulting in a 1.05% increase in conversion efficiency compared to unconcentrated light and a 3.75% increase over planar Si solar cells. The integration of SiNW 1JSC with a commercial InGaP/GaAs dual-junction solar cell shows promise for multijunction applications as a smaller active area in the III–V upper subcell enhances current matching, thereby potentially reducing costs. Additionally, while the SiNW solar cell exhibits a weight reduction of 1.8% compared to its planar counterpart, strategies to further improve this reduction to 64.5% and beyond can be achieved through SiNW solar cell substrate thinning, highlighting the potential of SiNW solar cells for flexible, lightweight, high-performance applications in electric vehicles and other terrestrial applications.
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