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Abstract

:

In this paper, germanium-based solar cells were designed based on germanium (Ge) materials, and the cross-cone (CC) nanostructures were used as the absorber layer of the solar cells. The optical path inside the absorber layer was increased by microstructure reflection, thereby increasing the absorption efficiency of the germanium-based solar cell. The reflectivity, transmittance, electric field and magnetic field of the corresponding position of the device were simulated and calculated by the finite difference time domain (FDTD) method. By simulating doping and simulating the external potential difference, the short-circuit current density (JSC), open-circuit voltage (VOC), output power and photoelectric conversion efficiency (η) of the device were calculated. The study found that for the entire study wavelength range (300–1600 nm), the transmittance of the device was close to none, and the average light absorption rate under air mass 1.5 global (AM1.5G) was 94.6%. In the light wavelength range from 310 nm to 1512 nm with a width of 1201 nm, the absorption rate was greater than 90%, which is in line with the high absorption of the broadband. Among them, the absorption rate at 886 nm reached 99.84%, the absorption rate at 1016 nm reached 99.89%, and the absorption rate at 1108 nm reached 99.997%, which is close to full absorption. By exploring the electrical performance of the device under different Ge nanostructure parameters, a germanium-based solar cell device under the nanocross-cone absorption structure array with both high-efficiency light absorption and excellent electrical performance was finally obtained. The study shows that the VOC of its single-junction cell was 0.31 V, JSC reached 45.5 mA/cm2, and it had a fill factor (FF) of 72.7% and can achieve a photoelectric conversion efficiency of 10.3%, surpassing the performance of most Ge solar cells today.
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1. Introduction


Since the 1980s, silicon solar cells have been the main way to obtain solar energy due to their advantages such as mature technology and stable performance. After more than 40 years of development, the research and application of solar cells are mostly Si cells, GaAs cells, multijunction GaAs cells, CuInSe2 (CIS) cells, CdTe cells and InP cells [1,2,3,4,5,6,7,8]. InP cells have excellent radiation resistance but are currently too expensive to manufacture. CIS and CdTe thin film cells have low conversion efficiency and are only used for some special requirements.



Compared with traditional monocrystalline silicon solar cells, Ge materials with a narrower band gap (0.67 eV) can also be used as semiconductor materials for high-efficiency solar cells and thermophotovoltaic (TPV) cells [9,10]. In 2009, Prieto [11] proved through experiments that the external quantum efficiency of Ge substrate solar cells increased by 22% in a wide wavelength range and increased by 46% at specific wavelengths, which means that the photocurrent increased by 11% to 22%. The construction of ground-based solar power stations has twice the photoelectric conversion efficiency of monocrystalline silicon solar cells. In 2016, Masuda [12] reported on the growth of multijunction germanium-based solar cells based on molecular beam epitaxy technology, and the open-circuit voltage of ~0.175 V was obtained. In 2020, Baran [13] studied the effect of temperature and light intensity on the conversion efficiency of Ge-based solar cells. The results showed that the conversion efficiency of Ge-based solar cells was inversely proportional to the ambient temperature and light intensity, but the surface recombination of Ge-based solar cells also increased with the increase in light intensity. In 2022, Lombardero proposed a new solar cell manufacturing process based on a chemical etching method, which can make a substrate thickness of 47.5 um for germanium-based single-junction solar cells and a substrate thickness of 55.5 um for germanium-based triple-junction solar cells without a carrier [14]. At the same time, Ge can also be used as one of the active layer components of hybrid solar cells (HSC) while having a high absorption coefficient. In combination with organic compounds such as poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) can further improve the light absorption coefficient [15,16]. In 2021, William replaced lead-based perovskite cells with germanium perovskite solar cells, reducing pollution while ensuring the high-efficiency and tunable properties of perovskite [17]. Traditional monocrystalline silicon solar cells prepare positive–negative (PN) junctions by diffusion, while heterojunction solar cells are formed by sequentially depositing two or more layers of different semiconductor material films on the same substrate. This silicon heterojunction solar cell has significant advantages over other solar cells [18]; it can achieve a PN junction and surface passivation at the same time, and all of the processes can be completed at a relatively low temperature (<200 °C), which not only reduces the loss but also avoids the possible performance degradation of the solar cell under high temperature conditions. Due to the high reverse saturation current of solar cells using narrow bandgap materials, they usually have a lower VOC and a poor temperature coefficient. In 2019, Nakano [19] found that the heterojunction of Ge can help the shortcoming of single-junction Ge solar cells to improve. Ge is currently a very hot material in solar cell research at home and abroad. In the research on the geometric structure of its microstructure, in 2020, Zhao [10] has proved that the shape of the Ge microstructure has great effects on light absorption and photoelectric conversion efficiency. By optimizing its structural parameters, the wavelength range of light absorption can be effectively broadened, the maximum JSC can be improved, and high photoelectric conversion efficiency can be achieved.



In the design of light-harvesting nanostructures, the geometry of the structures and the choice of light-absorbing materials have a great impact on the performance of solar cells. As different microstructures can excite different modes of surface plasmon resonance, electromagnetic waves will also have different resonances inside the solar cell, thus affecting the final conversion efficiency. The use of an effective trap structure can increase the current of the solar cell, thereby improving the photoelectric conversion efficiency. Based on these principles, light trapping using nanostructures has received increasing attention. Various light-harvesting methods are currently being investigated, including photonic crystals, plasmonic nanostructures, nanowires and dielectric gratings [20,21,22,23,24,25,26,27,28]. Mavrokefalos [29] fabricated an inverted nanopyramid light trapping scheme for crystalline silicon (c-Si) thin films at the wafer scale by a low-cost wet etching process, which can increase the surface area of the light absorbing surface by 1.7 times, and the surface recombination losses are limited, so that the absorption of the c-Si layer is significantly enhanced. Chen [30] used a monolayer of SiO2 nanospheres closely arranged on a silicon wafer as a mask in etching nanopillars on the silicon surface and demonstrated that the tapered nanostructures can provide a better light-collecting ability than the columnar nanostructures. The nanopyramid structure reported by Zhang [31] in 2017 is considered to be more suitable for photovoltaic applications than nanopores due to its smaller surface recombination, which greatly improves the photocurrent and photoelectric conversion efficiency of solar cells.



In this work, we designed the cross-cone nanostructure as the absorption layer of germanium-based solar cells, which can increase the optical path of light transmission in the absorption layer and improve the absorption rate of the whole band and the Ge materials as the absorption layer can broaden the absorption band. Compared with the traditional crystalline silicon solar cells, the absorption efficiency in the infrared band is significantly improved, and the energy of sunlight can be fully utilized. In addition, another innovation was to use transparent PEDOT:PSS as the absorption layer and hole transport layer, which can effectively enhance the surface plasmonic resonance effect of the germanium nanostructures and convert the light energy into the collective oscillation energy of electrons on the surface of the material and further improve the effect of light absorption.




2. Structure and Method


In this paper, the finite-difference time-domain (FDTD) method was used to calculate the device, and the FDTD solution software (Lumerical FDTD Solutions 8.15) was used for building model and simulating the device [32,33]. The simulation 3D model and material distribution of each layer are shown in Figure 1. Ge was used as the absorber layer, and the absorber layer was constructed with a periodically arranged CC structure. Based on the finite-difference time-domain method, the real sunlight exposure under AM1.5 was simulated, and its optical performance was analyzed. Simulation of real battery electrical performance was based on Maxwell’s electromagnetic theory.



The top layer of the device adopts the planar structure of silicon dioxide (SiO2) transparent glass; with a thickness of 80 nm, its structure can effectively reduce the reflection loss so that more light gets through to the absorption layer and plays the role of passivation protection. The second layer of planar structure is indium tin oxide (ITO) with a thickness of 80 nm, which has the advantages of high transmittance and good electrical conductivity. It can be used as the top electrode layer so the incident light does not block when entering the absorption layer and reduces the recombination loss. The third layer is a planar organic hole transport layer composed of poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS), with a thickness of 600 nm, which can effectively block electrons [34], improve the hole transport efficiency and reduce the direct recombination of carriers [35]. Fourth layer for the absorption layer, with a height of 400 nm and width of 140 nm, is the cross cone of germanium nanostructures; it can effectively increase the light in the optical path absorbing layer, enhancing the absorption effect. Moreover, when the electromagnetic wave is incident on the metal or a highly doped semiconductor, the surface electrons in the material will be collectively oscillated, which will be converted into surface plasmon. This converts part of the light energy into electron collective oscillation energy on the surface of the material, making the light energy more easily absorbed by the material [36], so Ge material was selected as the nanostructure material. The fifth layer is germanium substrate with a thickness of 800 nm, which can improve the efficiency of electron transport and enhance the efficiency of light absorption. The sixth layer is the silver (Ag) electrode layer with a thickness of 200 nm, which has the advantages of high reflectance and high conductivity. It cannot only conduct electricity as an electrode but also reflects the unabsorbed light back to the absorption layer to improve the absorption rate. The lateral dimension of the solar cell model is designed to be 240 nm for a repeated cycle.



The device is provided with frequency domain power monitors on the upper and lower surfaces. The principle of the frequency domain power monitor is to sample in a certain frequency domain range and calculate the electric field (E) and the electric field passing through the surface at this frequency for each frequency sampling point. The magnetic field (H) is converted into the energy flux density (S, poynting vector), so that the whole area fraction will get the electromagnetic power passing through the whole surface. Among them, the frequency domain power monitor performs the interactive analysis of the frequency domain and the time domain through the standard Fourier transform, which can be expressed as [37]:


  S =  1   μ 0    E × B    



(1)







Here μ0 is the vacuum permeability constant, and B is the magnetic induction intensity. It can be calculated by μ0H. From the energy flow density, the total energy of the system can be calculated by integrating over the whole closed space [38]:


  W =   ∮  Ω   S ×  d σ     



(2)







Here      Ω      is a closed surface enclosed by the whole space, σ is an area vector,    d σ    is an area element, and W is the total energy of the system. After obtaining the electromagnetic power on the upper and lower surfaces of the device, the reflectivity and transmittance of the device can be analyzed. After the light enters the device from above the device, the reflected light is captured by the frequency domain power monitor on the upper surface, and the energy loss reflected by the device is calculated. Similarly, a monitor on the lower surface will capture and calculate the energy loss projected by the device. As the boundary conditions in the front, back, left and right directions of the device are selected as periodic boundary conditions, the scattered energy will be reabsorbed by the absorbing layer or become part of the reflection loss and projection loss and be captured by the frequency domain power monitor, so there is no additional calculation of the scattered energy. The optical absorption efficiency (A) of the device can be obtained through the reflectance efficiency (R) and transmission efficiency (T) [39,40,41,42,43]:


  A = 1 − R − T  



(3)







The evaluation indexes of solar cells include short-circuit current (ISC), open-circuit voltage (VOC), output power (P), filling factor (FF) and photoelectric conversion efficiency (η) [44]. ISC is the current generated by the cell when only one wire connects the positive and negative ends of the cell, and the short-circuit current density (JSC) is ISC flowing through a unit area. VOC is the voltage at both ends of the battery when the external resistance value of the battery is infinite. P is the product of battery voltage and current, and its value nonlinearly varies with the change in external resistance, and its maximum value is the maximum output power (PMAX). FF represents the characteristics of PMAX that the solar cell can output with the optimal load, and its value is given by the following equation [45]:


  E F =    V  OC   − ln  (   V  OC   + 0.72  )     V  OC   + 1   × 100 %  



(4)







η refers to the ratio of the output charge energy of a solar cell to the total input of solar energy, which is an important parameter to measure the quality and technical level of a cell, and its value is given by the following equation [46]:


  η =    P  MAX      S  A M 1.5     × 100 %  



(5)







Here    S  A M 1.5     is the incident power of solar cell device simulation, and its value is 100 mW/cm2. The finite-difference time-domain method is known as the Yee grid space discretization method. The method is directly solved in the time domain by transforming the Maxwell curl equation into a finite-difference formula. The electric and magnetic fields are alternately computed in the interwoven grid space by establishing a time-discrete progressive sequence. The difference scheme contains the parameters of the medium and can simulate various complex structures only by giving the corresponding parameters to each grid. It is one of the important methods for numerical calculation of electromagnetic fields [47].



In terms of optical simulation calculation and measurement, we used FDTD solutions software for modeling and numerical calculation and set up geometric parameters, boundary conditions, positions of various monitors and light sources. A set of parameters were determined, and the obtained spectra were analyzed and optimized to achieve the best light absorption effect in the visible range. Then, the distribution and intensity of the electromagnetic field and the current density were calculated. In terms of electrical simulation calculation and measurement, after modeling with the Lumerical DEVICE software (Lumerical Suite 2018), the open-circuit voltage, short-circuit current, electrical power, reverse saturation current and photoelectric conversion efficiency were calculated to explore the influence of parameters on the data.




3. Results and Discussion


Figure 2a shows the effect of the ITO thickness of the conductive glass on the absorptivity. It can be seen from the figure that when the thickness of the ITO layer is 60 nm, the absorption in the near-ultraviolet and visible light bands decreases, and when the light wavelength is less than 500 nm, the light absorption efficiency is significantly reduced. As the thickness of the ITO layer is gradually increased, the light absorption spectrum of the device undergoes a slight redshift, the light absorption efficiency in the visible light band is slightly enhanced, and the light absorption in the near-ultraviolet band is significantly enhanced. However, the absorption efficiency in the near-infrared band greatly fluctuates. When the thickness of the ITO layer reaches 100 nm, the two absorption valleys in the near-infrared band significantly sink, and the light absorption of one absorption peak reaches the absorption efficiency of 99%, and the overall absorption efficiency is still reduced. In addition, the light absorption efficiency at the light wavelength of 1371.9 nm is <90%, which narrows the wavelength range of the perfect absorption (light absorption > 90%) [48,49] of the device. When the thickness of the ITO layer is 80 nm, it shows a good absorption efficiency in the near-ultraviolet, visible light, and near-infrared as a whole. At the same time, the light absorption efficiency at the light wavelength of 1371.9 nm reaches 90.7%, which broadens the range of the perfect absorption (light absorption > 90%) of the device to a wavelength width of 1201 nm. Therefore, the ITO layer thickness of 80 nm is a relatively good structural parameter.



As can be seen from Figure 2b, after increasing the thickness of the organic layer of PEDOT:PSS, the light absorption spectrum of the device exhibits an obvious redshift phenomenon because the light with a longer wavelength passes through the organic layer more easily to reach the nanostructured absorption layer [50]. When the thickness of the organic layer is 500 nm, the absorption effect in the visible light band is the best, but the absorption variation in the infrared band greatly fluctuates, and the six absorption valleys within 780–1600 nm are all less than 90% of the light absorption efficiency, and the overall absorption effect is not good. When the thickness of the organic layer increases to 700 nm, the absorption efficiency significantly decreases in the light wavelength range of 400–500 nm and 800–900 nm due to the increase in the hole transport path, and the absorption efficiency at the wavelength of 1430 nm is 86.1%, which is still less than 90%. When the thickness of the organic layer of the device is set to 600 nm, the original absorption valley moves to 1372 nm, and the absorption efficiency reaches 90.7%, which broadens the range of the perfect absorption (light absorption > 90%) of the device, and at the subthickness, the light absorption in the visible light band does not significantly decrease, which is within an acceptable range. Therefore, a thickness of 600 nm for the organic layer of PEDOT:PSS is a relatively optimal structural parameter.



It can be seen from Figure 2c that the thickness of the Ge absorption layer has little effect on the visible light because the thickness of the Ge base is larger than the wavelength of the visible light, and the visible light and near-ultraviolet light can hardly penetrate the Ge base. When the thickness increases, the visible light and near-ultraviolet light are still unable to pass through. For near-infrared light, as the thickness of the Ge base layer increases, the wavelength range of the light that can be transmitted is reduced, so the light absorption of the entire wavelength band is enhanced to a certain extent [51,52]. From Figure 2c, it can be seen that when the thickness of the Ge base layer is 600 nm and 800 nm, there is better light absorption in the near-infrared band, while the absorption peaks and troughs with a thickness of 800 nm are higher than those with a thickness of 600 nm except for the light wavelengths of 1371 nm and 1251 nm. Therefore, the thickness of 800 nm is a relatively good structural parameter for the Ge base layer.



It can be seen from Figure 3a that when the cross-cone height is 400 nm, the short-circuit current (Isc), VOC, and the output power is better than the other curves. The JSC was analyzed, as shown in Figure 3b, and it was found that the JSC of 45.5 mA/cm2 with a cross-cone height of 400 nm was 0.4 mA/cm2 higher than that of 500 nm of 45.1 mA/cm2. At the same time, the VOC of the CC structure with a height of 400 nm reaches 0.31 V, so the CC with a height of 400 nm has better electrical characteristics.



Figure 3c is the output power curve of the model. It was found that the output power of the cross-cone height of 400 nm is higher than other parameters, and the PMAX is 0.4 mW/cm2 higher than other parameters, subdivided into 400 nm and 600 nm. When the cross-cone height is 400 nm, the PMAX is 10.3 mW/cm2, and the PMAX at 600 nm is 9.9 mW/cm2. In conclusion, the CC height of 400 nm is a relatively optimal structural parameter for the device.



When the optimal cross-cone height is fixed and the bottom width is increased, the slope of the cross cone is indirectly changed. For the absorption layer of the device, that is, the CC structure, the most important variables are the slope and height. Therefore, for the slope of the cross cone, five variable values were set as test samples in this experiment, ranging from 120 to 160 nm, respectively, to observe its influence on the current density, VOC and output power of the device. As shown in Figure 4a, it was found that the slope of the cross cone has little effect on the ISC, and the maximum is 45.5 mA/cm2 at 140 nm. However, after changing the width of the cross cone, the VOC has a peak value, as shown in Figure 4b. When the width of the cross cone is 140 nm, the VOC of the device reaches the maximum value of 0.31 V.



The CC width of 140 nm is not only the result of the local optimal VOC but also the index performance of the JSC, which is not bad; for the output power, it also exceeds the index value of other variable values [53]. As can be seen from Figure 4c, when the width of the cross cone is 140 nm, its output power is higher than the other curves, and its PMAX reaches 10.3 mW/cm2, while the PMAX at 150 nm is 9.8 mW/cm2. It can be concluded that the CC width of 140 nm is a relatively optimal structural parameter for the device.



After the modeling and parameter optimization of the FDTD solutions of the device, the reflection loss, projection loss and light absorption efficiency of the device in the wavelength range of 300–1600 nm were analyzed. From Figure 5a, it can be seen that the device has good optical properties in the investigated light wavelength range (300–1600 nm). Due to the thickness of the Ge base layer and the reflective properties of the underlying silver, light in the visible and near-infrared bands is almost impermeable to the device, and its transmittance is almost constant over the entire study wavelength range [54,55,56]. As for the absorption rate, within 300–1600 nm, the average light absorption rate of the device under AM1.5G is 94.6%, and in the light wavelength range from 310 nm to 1512 nm with a width of 1201 nm, the absorption rate is greater than 90%, which is in line with the high absorption of the broadband. Among them, the absorption rate at 886 nm reaches 99.84%, the absorption rate at 1016 nm reaches 99.89%, and the absorption rate at 1108 nm reaches 99.997%, which is close to full absorption; a single absorber can be well-used in the field of sensing and detection.



In order to better restore the solar radiation on the surface under real conditions and simulate the sunlight absorption of this device, the simulation of this device adopted the international standard solar spectrum line air mass 1.5 (AM1.5). AM1.5 is the average illuminance of sunlight reaching the surface. The total irradiance of sunlight under its standard is 100 mW/cm2, which is divided into AM1.5G (global) and AM1.5D (direct) [46]. Due to the existence of the atmosphere on the earth, when the sunlight enters the atmosphere, it not only transmits light but also produces reflection and scattering. When the sun is obliquely incident in the morning or afternoon, the atmosphere that needs to pass through is thicker, and the intensity of the scattered light is higher. In addition, as there are objects with unevenness and shapes on the surface, when light is incident on the object, reflection and scattering will also occur [57,58,59]. Therefore, the sunlight received by any object on the surface is not only the direct sunlight but also the superposition of various reflected light and scattered light. AM1.5G includes this reflected and scattered light. As can be seen from Figure 5b, the device fits well with the AM1.5G solar spectrum and exhibits a good light absorption performance.



Sunlight belongs to natural light, which is the superposition of countless polarized lights in different directions. Therefore, the polarization state of light is also an influencing factor for most solar cells [60,61]. Based on this, this experiment explored the influence of different polarization states on the device. Take the polarization state of the incident light as a variable, change different polarization states to calculate the light absorption under the current polarization state, take the wavelength and polarization angle as the X-axis and Y-axis and the corresponding light absorption rate as the Z-axis, import the data obtained from the simulation into MATLAB, draw a heat map and get Figure 6a. It can be seen that when the wavelength is fixed, the polarization angle has no effect on the light absorption of the device, and the device exhibits good antipolarization properties.



In the real situation of the surface of the earth, the sun always rises in the east and sets in the west, and the sunlight on the solar cell experiences grazing incidence, oblique incidence, and normal incidence, respectively, and then reverses from normal incidence to grazing incidence in the afternoon, and finally, there is no light. In addition, as the latitude is different, the angle of sunlight irradiation is also different. At most times of the day, the illumination state of the solar cell belongs to the oblique incidence with an incident angle of less than 60°, so the incident angle of sunlight is an important factor affecting the light absorption of solar cells [62,63,64]. This experiment additionally used the incident angle of light as a variable for the TE mode (the direction of the electric field is perpendicular to the propagation direction) and the TM mode (the direction of the magnetic field is perpendicular to the propagation direction) to explore the effect of the incident angle on the light absorption of the device, respectively, taking the wavelength and incident angle as the X-axis and the Y-axis and the light absorption rate as the Z-axis and importing the obtained simulation data into MATLAB to make a heat map. The results are shown in Figure 6b,c. When the incident angle of the incident light is located at 0–60°, the device can ensure that the light absorption within 300–1500 nm is greater than 80% and has good angle tolerance.



In order to explore the influence of the nanostructures and corrugation on the light absorption of solar cells, this experiment simulated and compared the absorption layer with a cross-cone structure (CC) and a planar structure and calculated its reflectance and absorptivity, as shown in Figure 7a,b. It can be seen from the two figures that if the nanostructure absorption layer is not provided, the overall reflectivity of the device is significantly increased, and the corresponding absorption rate is significantly reduced, so the light absorption efficiency of the solar cell is not high. After adding the nanoperiodic arrangement of the CC structure, the light absorption effect of the device is significantly improved. Depending on the shape of the nanostructure, light is reflected multiple times in it, increasing the optical path inside the device, and the energy of the light is constantly attenuated, absorbed by the electrons in the absorption layer [57] and forms a potential difference under the action of the PN junction, which is converted into electrical energy. Therefore, the CC structure can effectively improve the light absorption effect of the solar device.



Figure 7c,d shows the influence of the nanostructure on the circuit current and output power of the designed device. The devices obtained in this study have good electrical properties. The VOC of the germanium-based solar cells under the single-junction CC nanostructure absorber structure array is 0.31 V, and the JSC reaches 45.5 mA/cm2. The FF value of the device can be calculated as 72.7% by Equation (4). The η of the device of 10.3% can be reached by Equation (5). Compared with recent studies on single-junction silicon solar cells [58], the JSC of the Ge-based solar cells increases from 42.6 mA/cm2 to 45.5 mA/cm2, the weighted absorption efficiency at AM1.5G improves from 91.66% to 94.6%, and the thickness improves from 101 um to 1.8 um. Table 1 shows the performance comparison of the germanium-based solar cells under the CC nanostructure absorber structure array designed in this paper with other Ge solar cells of the same type [10,19,65,66,67], which have excellent competitiveness and market application potential.




4. Conclusions


In this paper, using Ge as the substrate, a solar cell with a Ge cross-cone nanostructure as the absorber layer was designed with a thickness of only 1.8 μm. The structure optimization and model numerical simulation were carried out separately under optical and electrical conditions. In terms of optics, due to the reflection caused by the Ge cross-cone nanostructure array, the light transmission distance of the absorption layer increased, and the electromagnetic wave irradiated the metal surface to generate surface plasmons to enhance the light absorption. After the optimization of the structural parameters of the device, the real simulation of AM1.5G was carried out to ensure the stable operation of the actual situation. Under the optimal structural parameters, its average weighted absorption rate from 300 nm to 1600 nm was 94.6%. At the same time, the perfect absorption band of the device (the band with light absorption > 90%) reached 1201 nm, and the absorption rate at 1108 nm reached 99.997%, which is close to complete absorption. At the same time, the effects of the incident angle and polarization angle on the light absorption of the device were also explored, and the polarization and angle tolerance of the germanium-based solar cells under the nanocross-cone absorbing structure array were verified. From an electrical aspect, the influence of the cross-conical nanostructure array of Ge material as the absorber layer on the electrical properties of the device was explored by analyzing the performance of each variable, one by one, after the simulation, and the optimal configuration ratio and parameters of the cross-cone nanostructure of Ge material were obtained. Through the analysis, the VOC and JSC of the optimal performance device were 0.31 V and 45.5 mA/cm2, achieving a photoelectric conversion efficiency of 10.3% and a high FF of 72.7%, surpassing the performance of most Ge solar cells today.
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Figure 1. (a) Germanium-based solar cell device under periodic arrangement. (b) 2D view and material composition of each layer. i is the thickness of the ITO layer, s is the thickness of PEDOT:PSS, g is the thickness of the substrate germanium, d is the thickness of the bottom silver electrode, h is the height of the germanium cross cone nanostructure, p is the width of the germanium nanostructure array in one period and w is the bottom width of the germanium cross cone nanostructure. 
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Figure 2. (a) Influence of ITO thickness of conductive glass on absorptivity. (b) Influence of organic layer of PEDOT:PSS thickness on absorptivity. (c) Influence of Ge base layer thickness on absorptivity. 
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Figure 3. (a) Current density curves at different cross-cone heights. (b) The effect of cross-cone heights on JSC. (c) Output power curves at different cross-cone heights. 
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Figure 4. (a) J-V curve under different cross-cone widths. (b) Influence of cross-cone width on VOC. (c) Output power curve under different cross-cone widths. 
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Figure 5. (a) Absorption, reflection and transmission of the device in the wavelength range of 300–1600. (b) Weighted absorption at AM1.5. 
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Figure 6. (a) The effect of different polarized light on the optical absorption of the device. (b) The effect of different incident angles on the optical absorption of the device in TM mode. (c) The effect of different incident angles on the optical absorption of the device in TE mode. 
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Figure 7. (a) The influence of the presence or absence of the CC nanostructure on the reflectivity. (b) The effect of the presence or absence of the CC nanostructure on the absorptivity. (c) The influence of the presence or absence of the CC nanostructure on the current density. (d) The influence of the presence or absence of the CC nanostructure on the output power. 
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Table 1. Comparison of performance of different Ge micro-nanostructured solar cells.
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	References
	Perfect Absorption Range (nm)
	Average Light Absorption (%)
	VOC (V)
	FF(%)
	η (%)





	Nakano [19]
	-
	-
	0.27 V
	61.7%
	7.6%



	Zhao [10]
	300–1300 nm (1000 nm)
	93.8 %
	0.26 V
	69.3%
	7.9%



	Hekmatshoar [65]
	-
	-
	0.25 V
	62.1%
	7.2%



	Nakano [66]
	-
	-
	0.21 V
	55.4%
	5.3%



	Onyegam [67]
	-
	-
	0.20 V
	58.1%
	5.3%



	This proposal
	310–1512 nm (1201 nm)
	94.6 %
	0.31 V
	72.7%
	10.3%
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