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Abstract

:

Black silicon (b-Si)-assisted photovoltaic cells have textured b-Si surfaces, which have excellent light-trapping properties. There has been a limited amount of work performed on the theoretical modelling of b-Si photovoltaic cells, and hence, in this work, a coupled optical-electrical-thermal model has been proposed for the simulation of b-Si photovoltaic cells. In particular, the thermal aspects in b-Si photovoltaic cells have not been discussed in the literature. In the proposed model, the finite-difference time-domain (FDTD) method was used to study the optical response of the b-Si photovoltaic cell. Semiconductor equations were used for the electrical modelling of the cell. For the thermal model, the Energy Balance Transport Model was used. The developed model was used to simulate b-Si photovoltaic cells under thermophotovoltaic sources. The impacts of heat generation on the electrical performance of thermophotovoltaic cells are discussed. Simulation results from this study showed that black silicon layer improved efficiency and power output in thermophotovoltaic cells compared to thermophotovoltaic cells with no surface texture. In addition, heat generation due to Joule heating and electron thermalization in b-Si-assisted thermophotovoltaic cells reduced the open-circuit voltage and electrical performance.
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1. Introduction


Surface texturing is an effective way to improve the efficiencies of photovoltaic cells. Black silicon (b-Si) is a type of surface that has been shown to achieve lower reflectance than conventional textured surfaces [1]. A black silicon (b-Si) surface has silicon nanostructures that can assist in light trapping and improve the efficiency of photovoltaic cells or the performance of photoelectric devices. This surface can be produced by various etching methods and has exceptional light-trapping properties, which are especially useful for photovoltaic applications. However, in the literature, there is a lack of a theoretical model that describes the conversion of energies in a b-Si photovoltaic cell. Most studies have focused on only the optical aspects of a b-Si surface, with few, if any, focusing on the coupled opto-electro-thermal modelling of a b-Si photovoltaic cell [2,3,4,5,6,7,8,9,10,11,12,13,14,15,16]. In several studies, the electrical modelling of the b-Si photovoltaic cells has been brief and often assumed an ideal light-to-electrical-energy conversion, disregarding the effects of recombination and other losses [4,5,10,16]. In this study, a complete opto-electro-thermal simulation model was developed for the theoretical simulation of b-Si photovoltaic cells. The simulation model was used to simulate the efficiency of a b-Si photovoltaic cell in thermophotovoltaic (TPV) applications.



In the literature, most optical and electrical simulations performed for b-Si photovoltaic cells have been de-coupled. For studies performing coupled simulations, assumptions such as zero recombination or losses have led to an overestimation of electrical performances. In one study by Lin and Povinelli [5], for instance, the efficiency of a Si-nanowire-based photovoltaic cell was estimated from the optical absorption in the cell, disregarding recombination effects, which hence may have led to an overestimation of the cell efficiency. They have used the FDTD and transfer matrix method for their simulations. In a different simulation study by Rahman and Boden [10], a coupled optoelectrical simulation study has been performed using commercial software packages Lumerical FDTD and Sentaurus TCAD, respectively, for the optical and electrical simulations. This is one of the few studies providing insights into a coupled simulation, but the thermal aspects of the b-Si photovoltaic cell have not been studied. In a few other studies, other simulation methods have also been used, including the rigorous coupled wave analysis (RCWA) [3,14] and finite element method (FEM) [7,15], but these methods focus only on the optical properties of a photovoltaic cell. Rigorous electrical simulations, such as using the popular semiconductor equations, have not been conducted for b-Si photovoltaic cells. In addition, thermal modelling in b-Si photovoltaic cells and photovoltaic cells, in general, have been brief and given little focus on [1]. Hence, due to the lack of a holistic simulation model for b-Si photovoltaic cells, this study aims to propose a complete model for bridging the gap.




2. Methodology


In the simulation model, there will be three models describing the exchange of energy in the photovoltaic cells: the (1) optical model, (2) electrical model, and (3) thermal model. An illustration of the simulated device is shown in Figure 1. The energy transfer process described by these models can be seen in Figure 2. In short, in the optical model, the carrier generation rate will be calculated from the incident radiation using the FDTD method. In the electrical model, the semiconductor equations will be used to calculate the electrical responses, including output currents and efficiency, of the cell. In the thermal model, the Energy Balance Transport Model (EBTM) is used to calculate the amount of heat generation and temperature rise in the cell. A flowchart showing the overall simulation flow is shown in Figure 3. In the following sections, the equations used to describe the energy transfer in the three models will be described in detail.



2.1. Optical Model


An in-house developed FDTD model [17] was used to simulate the b-Si nanostructures. It was preferred over macroscale models such as ray tracing, as the b-Si nanostructures usually had sizes of less than one micron, and the FDTD method could capture diffraction effects in these periodic structures. In the FDTD method, the update equations for the propagation of electric and magnetic fields (    E  →    and     H  →   ) in a staggered Yee grid [18] were given by:


  −   1   μ     ∇  →  ×   E  →  =     H  →    t +   Δ t   2     −   H  →    t −   Δ t   2       Δ t    



(1)






    1   ε     ∇  →  ×   H  →  =     E  →    t + Δ t   −   E  →    t     Δ t    



(2)







These updated equations describe the propagation of the electromagnetic waves in a simulation domain with specified material regions. A full description of the FDTD method can be found elsewhere [19,20]. Periodic boundary conditions are used in horizontal directions. On the top and bottom boundaries, the perfectly matched layer (PML) boundary condition is used. The complex refractive index of silicon was obtained from the work of Green and Keevers [21]. To obtain the output data, the steady-state field values were obtained by applying a discrete Fourier transform to the time-domain field values. Power flowing through the reflection and transmission planes and the normalised reflectance (  R  ) and transmittance (  T  ) were calculated using Equations (3) and (4):


    P   z ,  R / T      λ , r   =   1   2   Re     E   x ,  R / T      λ , r     H   y ,  R / T    *     λ , r   −   E   y ,  R / T      λ , r     H   x ,  R / T    *     λ , r     · A ( r )  



(3)






  R / T   λ   =     ∑  r      P   z ,  R / T      λ , r         P   src     λ      



(4)




where   λ   is wavelength,   r   is the positional vector,   A   is the area of the plane, and     P   src     is the power of the source pulse. The power absorbed can be calculated from the steady-state electric field using Equation (5):


    P   A     λ , r   = −   1   2         E  →    λ , r       2   · σ   λ , r   ·   V   cell    



(5)




and the absorptance can be calculated using Equation (4) of a similar form. Here,   σ   is the optical conductivity and     V   cell     is the volume of a cell.



The range of dimensions of the simulated b-Si nanostructures is selected based on the analysis from the review of Chai et al. [1] on the typical b-Si dimensions producible using current technologies. Diameters range from 50 to 650 nm, and heights range from 200 to 1800 nm.




2.2. Electrical Model


In this model, the semiconductor equations in Equations (6)–(10) will be used to solve for the current–voltage characteristics in the b-Si photovoltaic cell. They consist of Poisson’s equation, continuity equations, and the drift-diffusion current equations. The derivation of these equations can be found in the textbooks by Wuerfel [22] and Entner [23] for further reading. The equations are:


  ∇ · ∇ V = −   q   ε   ( p − n +   N   D   −   N   A   )  



(6)






  ∇ ·     J  →    n   − q   ∂ n   ∂ t   = q (   R   net   −   G   opt   )  



(7)






  ∇ ·     J  →    p   + q   ∂ p   ∂ t   = − q (   R   net   −   G   opt   )  



(8)






      J  →    n   = q n   μ   n     E  →  + q   D   n   ∇ n  



(9)






      J  →    p   = q p   μ   p     E  →  − q   D   p   ∇ p  



(10)




where   V   is the electrostatic potential,   q   is the elementary charge,   ε   is the permittivity,   p   and   n   represent the hole and electron concentration, respectively,       J  →    n / p     is the current density of electrons/holes,     R   net     is the net recombination rate,   μ   is the carrier mobility,     E  →    is the electric field,   D   is the diffusion constant, and     N   D     and     N   A     are the concentration of charged impurity donors and acceptors. We also note the following relationships:


    E  →  = − ∇ V  



(11)






    D   n , p   =   μ   n , p       k   B   T   q   =   μ   n , p         v   T       n , p    



(12)




where     k   B     is the Boltzmann constant,   T   is the local temperature, and     v   T     is the thermal voltage. Assuming steady-state condition and substituting Equations (9)–(12) into Equations (6)–(8), we eliminate     E  →    and       J  →    n , p     and obtain the Poisson and continuity equations in terms of   V  :


  ∇ · ∇ V =   q   ε   ( n − p +   N   A   −   N   D   )  



(13)






  − ∇ ·   n   μ   n   ∇ V   + ∇ ·     μ   n     v   T , n   ∇ n   =   R   net   −   G   opt    



(14)






  − ∇ ·   p   μ   p   ∇ V   − ∇ ·     μ   p     v   T , p   ∇ p   = − (   R   net   −   G   opt   )  



(15)







To solve these equations, Gummel’s scheme and Slotboom’s formulation [24] are used. In short, for the Slotboom formulation, the carrier concentrations are replaced by Slotboom variables that are written as follows:


  n =   Φ   n     e     V  −     



(16)






  p =   Φ   p     e   −   V  −     



(17)






    Φ   n   =   n   i     e   −   q   ϕ   n       k   B   T      



(18)






    Φ   p   =   n   i     e     q   ϕ   p       k   B   T      



(19)






    V  −  =   q V     k   B   T    



(20)







These Slotboom variables are then substituted into the semiconductor equations, and they are discretised using the finite difference method. After discretisation, the non-linear simultaneous equations are then solved following Gummel’s scheme, as described in the work of Vasileska et al. [24]. A summary of Gummel’s scheme is shown in the flowchart in Figure 4.



At the boundaries, Dirichlet boundary conditions are specified for the potentials and carrier concentrations. At the boundaries:


    V   boundary   =   V   eq   +   V   applied    



(21)






   n-type   semiconductor  :   n   boundary   =   1   2        N   D   2   + 4   n   i   2    +   N   D     ;   p   boundary   =     n   i   2     n    



(22)






   p-type   semiconductor  :   p   boundary   =   1   2        N   A   2   + 4   n   i   2    +   N   A     ;   n   boundary   =     n   i   2     p    



(23)




where     V   eq   =     k   B   T   q     ln  ⁡    N     n   i         is the potential in equilibrium conditions with zero applied bias.




2.3. Thermal Model


In this research, the EBTM, a modification from Stratton’s method [25], with an electron–phonon scattering model, is used to simulate the heating effects and temperature distribution in the simulated photovoltaic device. In the EBTM, the temperatures for three different populations—electrons, optical phonons, and acoustic phonons—will need to be calculated. This method has been adapted from the review by Grasser et al. [26] to include the effects of electron thermalization in photovoltaic cells. In short, the three equations below govern the electron, optical phonon, and acoustic phonon temperatures in the photovoltaic cell:


    d   S   n     d x   =   J   n   · E +   H   therm   −   W   n   .  



(24)






    C   L O     ∂   T   L O     ∂ t   =   3   2   n   k   B         T   e   −   T   L O       τ   e − L O       −   C   L O         T   L O   −   T   A       τ   L O − A        



(25)






    C   A     ∂   T   A     ∂ t   =   d   d x       k   L     d   T   A     d x     + H  



(26)




where     S   n     is the electron energy flux density,     H   therm     is the thermalized electron power,     W   n     is the energy loss density from the electrons,     T   e / L O / A     is the electron/optical phonon/acoustic phonon temperature,   τ   are the respective relaxation times,     C   A / L O     is the acoustic/optical phonon heat capacity, and   H   is a heating term that will be described below. The discussion on the derivation of these equations can be found in other works [25,26,27]. The energy loss density and heating terms are described by the equations below:


    W   n   =   3   2     k   B   n       T   n   −   T   L O       τ   e − L O     +     T   n   −   T   A       τ   e − A       +   E   g       G   impact   −   R   Auger      



(27)






  H =   C   L O         T   L O   −   T   A       τ   L O − A       +   3   2     k   B   n       T   n   −   T   A       τ   e − A       +   E   g     R   SRH    



(28)







For Equation (24), the electron energy flux density     S   n     is dependent on the electron temperature and current flowing through the node, and they are related by the equations:


    S   n   = −   k   n     d   T   n     d x   −     k   B     δ   n     q     J   n     T   n    



(29)






    k   n   = q n   μ   n           k   B     q       2     Δ   n     T   n   .  



(30)




where     k   n     is the electron thermal conductivity, and     δ   n     and     Δ   n     are custom-fitted coefficients that are dependent on the assumptions made on the interactions between the particles in the system [26]. Discretising Equations (24)–(26), the non-linear equations can be solved iteratively to obtain solutions for the electron and phonon temperatures, as shown in the flowchart in Figure 5.



The thermal boundary conditions are convective for both the top and bottom surfaces. These boundary conditions can be written as follows:


      k   d T   d x        top / bottom    =   h    top / bottom        T    top / bottom    −   T   ∞     .  



(31)







However, for the bottom boundary, another equation is used to define the temperature distribution across the metal contact layer. The following equation applies:


      k   d T   d x       bottom   =   k   metal       T   interface   −   T   bottom       t   metal      



(32)




where     T   interface     is the temperature at the interface between the semiconductor layer and the metal layer. For the electron energy conservation equation, an insulated boundary is assumed on both surfaces of the semiconductor layer. Hence, the only pathway for loss of energy in electrons is through energy transfer to optical phonons and acoustic phonons. This insulated boundary is written as follows:


        d   T   n     d x       boundary   = 0  



(33)









3. Results


3.1. Verification of the Simulation Program


To confirm the accuracy of the developed simulation program, simulation results from commercial and open-source simulation programs have been used as a reference. Each of the simulation models (optical and electrical) is verified to ensure that each model is accurately programmed. For the optical model, the 3D simulation results from the work of Rahman and Boden [10] were used to verify the data. In the article, they simulated a 3D b-Si surface with periodic cylindrical nanostructures using the Lumerical FDTD Solutions. In addition, they have also compared the simulation results with experimental data in their study. The nanostructures had a diameter of 140 nm, height of 360 nm, and pitch of 280 nm in a hexagonal arrangement. Figure 6a shows that the optical model produced outputs similar to the commercial software. However, the slight deviations were attributed to the slight differences in the input permittivity values used.



To verify the simulated performance of a photovoltaic cell obtained using the developed program, a simulated J-V curve of the cell under solar illumination was compared to the results obtained using PC1D. For recombination, SRH recombination, Auger recombination, and impact ionization models were used. For mobility, the Arora model was used for low-field mobility, and the Caughey–Thomas model was used for field-dependent mobility [28]. The comparison of the J-V curves obtained is shown in Figure 6b. It was noted that there were slight differences due to the constants used in the different models. For the J-V curve obtained, the parameters of the simulated photovoltaic device are shown in Table 1.



For the thermal model, the obtained simulation results are compared to results from the work of Zhou et al. [29]. Due to the limitations of the EBTM and limited studies on the heat generation in thin photovoltaic cells, only a 20 µm-thick photovoltaic cell was simulated. For thicker cells, it would require a large number of computational resources, which were, unfortunately, inaccessible in the current study. The simulated temperature rise from this configuration was compared to the one simulated by Zhou et al. [29], and the dimensions are presented in Table 2. In both simulated cells, the AM1.5G spectrum has been used as the incident spectrum.



The temperature in the cell has been obtained and is shown in Figure 7. It was noted that the lattice temperature was represented by the acoustic phonon temperatures. From the figure, the acoustic phonon temperature had risen about 8.5 K to about 308.5 K, which was lower than the temperature rise obtained in the study of Zhou et al. of about 27 K. The larger temperature rise in the work of Zhou et al. was attributed to the large absorption due to a thick cell thickness, insulation due to the glass and encapsulant layers, and parasitic heat absorption from these layers. To emulate the impacts of having the insulative layers, the convective heat transfer coefficient   h   at both the top and bottom boundaries was lowered to obtain the temperature rise in the cell. Table 3 lists the temperature rise of the simulated cell at different   h   values. It was observed that the temperature rise was higher when   h   decreased (analogous to having an insulation layer). Hence, if the insulative glass and encapsulant layers were absent, the temperature rise in the cell would be lower.



While the comparison was not exhaustive, it showed that the temperature rise from the simulation model was within the expected range of values. To confirm the accuracy of the simulated results, a further comparison may be needed, which will be discussed in future work.




3.2. Impact of the b-Si Layer on the Thermophotovoltaic Performance


The developed simulation model was used to simulate the impacts of a b-Si layer on the performance and efficiency of a TPV cell. A simple comparison was given for two TPV cells with and without the b-Si layer. The configuration of the simulated b-Si cell is given in Table 4. The TPV source was the spectrum from a Yb2O3 emitter at 1735 K [30,31], which was the typical selective emitter used for silicon TPV applications. The spectrum is shown in Figure 8. Firstly, the optical performances of the TPV cells were compared. Figure 9 shows the reflectance and absorptance spectra for both cases. It was noted that the transmittance was zero as the metal layer had a large permittivity and was opaque in the simulated wavelength range. By comparing these graphs, the reflectance for the flat silicon photovoltaic cell was much higher than the photovoltaic cell with a b-Si surface, especially in the visible light wavelength range. This was because the flat surface caused a sudden jump in the refractive index between the air and the photovoltaic cell, causing a significant amount of reflection, as described by the Fresnel equations for reflection and transmission. On the other hand, the photovoltaic cell with a b-Si surface recorded a much lower reflection in most of the wavelength’s range. This was attributed to the refractive index gradient existing in the b-Si layer [1,32]. Due to the refractive index gradient, the incident EM wave did not reflect off easily, improving the absorptance in the cell.



To compare the electrical performances, the efficiencies of the cells are compared. Similarly, the efficiencies are simulated across different n-doped emitter thicknesses to identify the optimum doping thickness. The efficiency curve with respect to the doping thickness is shown in Figure 10 for both the flat Si and b-Si cells. As expected, the b-Si cell performed better than the flat Si cell across all n-doped emitter thicknesses. It is noted that the efficiency is low compared to solar applications due to the abundance of energies lower than the band gap of silicon in the source spectrum shown above. In addition, the J-V curves of the b-Si and flat-Si cells at 11.6 µm of n-layer thickness are compared in Figure 11. The short-circuit currents are also noticeably higher in the b-Si cell compared to the flat Si cell, with a similar open circuit voltage. As a result, the maximum power point for the b-Si cell is also higher, by about 30%. These observations have shown the contribution of the b-Si layer on the performance of a TPV cell. It is noted that the short circuit current density values are high compared to the ones obtained in solar applications. In short, the high current density values are due to the differences in the source spectra in both solar applications and TPV applications. In the AM1.5G spectrum, the integrated power is about 1000 W/m2, while, for the Yb2O3 spectrum used, the integrated power is about 5 times this power. The input power density is much higher for the TPV spectrum and hence would increase the amount of output current and power density. On the other hand, the photons in the Yb2O3 spectrum are concentrated in >800nm wavelength region and are more efficiently absorbed and lose less energy through thermalization.




3.3. Impact of Heat Generation on Electrical Performance


The impacts of heat generation were shown by comparing the current–voltage characteristics of the simulated black silicon photovoltaic cell. For the comparison below, the b-Si cell with the device parameters in Table 4 was simulated with and without heat generation effects, and the electrical performances were compared. The n- and p-dopant layer thicknesses used were 5.6 µm and 45 µm, respectively. In addition, the dopant concentration in the p-layer was lowered to 1015 cm−3 to avoid stability issues during the simulation. Similarly, the source spectrum was from a Yb2O3 thermal emitter at 1735 K.



The J-V curve obtained for both cases is compared. Figure 12 shows the J-V curves for both cases. From the comparison, it is observed that the short-circuit currents for both cases were similar, but the open circuit voltages decreased when the temperature of the cell increased. This is because the electrons in the lattice have more energy as the cell temperature increases, and hence it requires less energy for the electrons to jump to the conduction band edge. As the energy required to jump between the conduction band edge and the valence band edge decreases, it is analogous to having a lower band gap; hence, the electrical potential achievable by the device also decreases. The difference, albeit small, shows that heat generation in the cell affected the performance of the cell negatively. For comparison, a simulated curve with no heat generation at a cell temperature of 309 K is also shown in the figure. It is visually the same as the EBTM curve, showing that the increase in temperature, regardless of the heat generation mechanism, negatively impacts the cell performance.



To understand more about the amount of temperature rise in the device, we refer to Figure 13a. The figure shows the temperature of the electrons, optical phonons, and acoustic phonons extracted at the maximum power point of the device. From the figure, the electron and optical phonon temperature rises to a peak of about 550 K in the depletion region in the p-n junction. In the depletion region, the electric field is the highest in the device; hence, it contributes to an exceptional amount of Joule heating to the device. The other term contributing to electron heating is the thermalization of electrons. It is noted that it is assumed that the electrons hold the thermalized energy before the heat energy is relaxed to the optical and acoustic phonons in the equations. Figure 13b shows the amount of heat generation from Joule heating and the thermalization of electrons across the device. The amount of heat generation due to electron thermalization is fairly constant across the device. This contributes to even heating throughout the device. On the other hand, the amount of heat generation due to Joule heating is concentrated in the depletion region, as explained. In this region, the heat generation is about 10 times the amount of thermalized heat and hence contributes to a sharp temperature rise in the depletion region. In addition, due to the low thermal conductivity of the electrons, the energy is not dissipated quickly throughout the device, contributing to the sharp rise in electron and optical phonon temperature.



It is noted that the temperature rise in the cell (9 K) may not be significant in the b-Si cell compared to the temperature of the thermal emitter, which is at 1735 K. This is because the effects of heat conduction and convection from the thermal emitter to the b-Si cell have not been included in the research. However, in real cases, the TPV systems either have vacuum gaps in between the thermal emitter, which minimize heat conduction, or the photovoltaic cell is usually equipped with a cooling system to maintain the temperature of the photovoltaic cell at low temperatures. Hence, the results obtained here may be used as a preliminary guideline for locating hot spots with high heat generation and the predominant mechanism for heat generation in b-Si-based TPV devices.





4. Conclusions


In summary, an opto-electro-thermal simulation model for b-Si photovoltaic cells has been developed. The simulation model was used to simulate the performance of b-Si photovoltaic cells in TPV applications, and the impacts of heat on electrical performance have also been discussed. Results showed that the b-Si layer is useful in increasing the electrical performance of a silicon TPV cell. Heat generation from Joule heating and electron thermalization contributed to some heat generation in TPV cells, which ultimately decreased the performance of the cells. Hence, future studies may focus on studying the application of b-Si surfaces in real silicon TPV systems. Mitigation of heat generation may also be important, and these simulation results can suggest the location and magnitude of heat generation from different mechanisms. The simulation program may be useful in preliminary studies on designing b-Si-based photovoltaic cells in various applications.
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Figure 1. Illustration of (a) a photovoltaic cell with a b-Si layer, (b) a cell consisting of several b-Si nanostructures. 
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Figure 2. (a) Generation of electron-hole pairs from absorption of radiation, (b) potential accumulation in the p and n regions, (c) current flow due to potential difference, and (d) heat generation mechanisms in an operating cell. 
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Figure 3. Process flow of the complete simulation model. 
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Figure 4. Flowchart showing the iterative flow of Gummel’s method. 
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Figure 5. Simulation flow when solving for the temperature distributions for the electrons, optical phonons, and acoustic phonons. 
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Figure 6. (a) Comparison of optical simulation results with results from Lumerical FDTD Solutions, (b) Comparison of electrical simulation results with results from PC-1D. 
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Figure 7. Temperature distribution of different energy carriers. 
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Figure 8. Spectral power emitted by Yb2O3 emitter at 1735 K. 
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Figure 9. RTA curve for the photovoltaic cell with (a) b-Si surface, (b) flat Si surface. 
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Figure 10. Efficiencies for b-Si cell and flat Si cell at different n-layer thicknesses. 
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Figure 11. J-V curve for the (a) b-Si and (b) flat Si TPV cell. 
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Figure 12. Comparison between the J-V curve for T = 300 K, 309 K (no heat generation) and simulation results using the EBTM (with heat generation, T = 309 K). 
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Figure 13. (a) Temperature of different carriers across the b-Si TPV cell, and (b) the heat generation across the device due to Joule heating and electron thermalization. 
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Table 1. Cell parameters for the simulated device.
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	Cell thickness
	20 µm



	N-doped layer thickness
	0.5 µm



	Donor concentration
	1018 cm−3



	P-doped layer thickness
	19.5 µm



	Acceptor concentration
	1016 cm−3



	Cell temperature
	300 K
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Table 2. Configurations of simulated cells in this study and the study by Zhou et al.
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	Reference
	This study
	Zhou et al. [29]



	Top glass cover thickness (µm)
	N/A
	3200



	Encapsulant thickness (µm)
	N/A
	500



	Silicon cell thickness (µm)
	20
	200



	Backsheet layer thickness (µm)
	N/A
	300



	Ambient temperature (K)
	300
	303
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Table 3. Temperature rise for different   h   values.
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	Convective heat transfer coefficient, h (W/m2-K)
	1
	0.001



	Temperature rise, ΔT (K)
	8.5
	19.7
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Table 4. Device parameters for the simulated silicon photovoltaic cell.
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	B-Si nanostructure shape
	Paraboloid



	B-Si nanostructure height
	600 nm



	B-Si nanostructure diameter
	350 nm



	Period of b-Si nanostructure
	350 nm



	Cell thickness (excluding the b-Si layer)
	50 µm



	Emitter dopant concentration
	1017 cm−3



	Base dopant concentration
	1017 cm−3



	Rear metal layer thickness
	300 nm
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
Temperature (K)

400

3904

3804

3704

360 4

3504

3404

3304

3204

3104 .

Electron
I~ — ~ Optical phonon
- - - - - Acoustic phonon;

T T T
8 10 12 14 16

Position (jm)

20





media/file4.png
Radiation

RN
— TTTTTTTITITTTIT
N

Generated electron-hole pairs

I R A
TITTITTTITTIIITT | TTTTITTTITITITIT

Recombination S Joule heating

Current

flow Thermalization

/.f

(c) (d)





media/file18.png
R/A

09

(18;

(17;

0.6 ] Reflectance
054 — — — Absorptance

| | |
500 600 700

|
400

|
800

Wavelength (nm)

(a)

1
900

|
1000

Reflectance
— — — Absorptance

Y]

300

400

1 | | |
500 600 700 800

Wavelength (nm)

(b)

|
900

|
1000

1100





media/file21.jpg
@ (b)





media/file26.png
Carrier temperature (K)

600

550 - Electron i
I e Optical phonon 1
soo4 e Acoustic phonon -
450 - .
400 H 4
350 H 4
300 e i
250 H 4
200 : , : , , . , .
0 10 20 30 40 50

Position (um)

(a)

Heat generation (W/m’)

; l‘ l L] I ) I ) I L] l;
i y
] oo

I

1 aee-- N
D eeeem e m T T T T i
N : - F
! B
i | i
I
i ol .
o i
1) ]
| - — =Joule E
3: —— Thermalization ]
|
) .

! | ! | ! | ! | ! |

0 10 20 30 40 50

Position (um)

(b)





media/file3.jpg
Radiation

IR
o

Generated electron-hole pairs

() (d)





media/file22.png
300

— 250

~

[

o

(=

(@]
]

WO/ A\ W) JIdMOJ

J
- Power

300

300

250

250

200

~

4

S

S

[\
]

|
=
73

—

(Juo/yuw) [

100

WO/ W) 19MO0J

50

- 50

J
- Power

300

250

200

|
=
w

—

(/) [

100

50

°
S

0.3

0.2
VV)
(b)

0.

0.0

2
<

0.3
VV)

(a)

0.0





media/file19.jpg
Efficiency (%)

1.04

0.8

0.6

04+

0.2

0.0
0

T T
10 15

n-layer thickness (m)

25





media/file7.jpg
ummel’s method

Calculate potential distribution in equilibrium conditions|

¥

Solve Poisson's
equation
No ‘
Solve continuity increase applicd volage]
equations by Ve

x






media/file10.png
Calculating
temperatures

v

Calculate electron
temperature

d

Converged?

Calculate optical
phonon temperature

v

Calculate acoustic
phonon temperature






media/file14.png
Temperature (K)

400 I I ! I 1 I 1 I ! I J I 1 I 1 l 1 l T

390 _
Electron |

3807 —= = = Optical phonon -
3704 Acoustic phonon

360 - ]
350 - ]
340 - ]
330 - i
320 - i

3104 . .. |

300 -

290 L] I Ll I L] I L] I Ll I Ll I | I ] I ] I Ll

Position (um)





media/file11.jpg
Voluge (V)
(b)

—rcin
- St

Friige

(s

o

Sinolted

Wasciength (o)

@





media/file6.png
Model set-up (boundary conditions, cell
structure, critical parameters)

v

Simulation using optical model and obtain
carrier and heat generation rate

Solve electrical profile in
equilibrium

A

Electrical simulation

v

Thermal simulation

Y

Increase applied
voltage by Ve,

emperature reached

steady state? 7'y

\%

Obtain J., V., FF, efficiency

End





media/file15.jpg
-nm)

Spectral power (W/m

90 T T T T T T T T

404 4

20 q

10 B

0 T T T T

————— ;
0 1000 2000 3000 4000 5000 6000 7000 8000 9000
Wavelength (nm)





nav.xhtml


  photonics-10-00565


  
    		
      photonics-10-00565
    


  




  





media/file16.png
Spectral power (W/m’-nm)

0

T
1000

T
2000

T T T T
3000 4000 5000 6000

Wavelength (nm)

T
7000

T
8000

9000





media/file2.png
Front metal contact
— Black silicoa laye
n-doped layer

— p-doped layer

Rear metal contact

(b)





media/file20.png
Efficiency (%)

-—eem = em e e e e .
- - b
— -—
- —
—

—— Black Si
- — —=Flat Si

-

15
n-layer thickness (um)






media/file23.jpg
350

300

2504

T
s
g
8

150

(oyyw)

1004

50

0.0

V(V)





media/file5.jpg
Model set-up (boundary conditions, cell
structure, riteal parameters)

M

Simulation using optical model and obain|
carrier and heat generation rate

Solve electrical profile

Electrical simulation

M

Thermal simulation

Increase applicd
Voltage by Vyp

[Obtain Ve, FF, eficieney |

)






media/file24.png
J (mA/cm’)

300

250

200

150

100

50 5

0.0






media/file1.jpg
‘ront metal contact
- s siicon s
n-doped layer

——— p-doped layer

Rear metal contact

(b)





media/file25.jpg
Carricr temperature (K)

et gencrmion (Wi

Posion um)
(a)

Poson )

(b)





media/file12.png
Reflectance (%)

35

——FDTD
- = = Simulated

400

500

600

700

800 900

Wavelength (nm)

(a)

|
1000

1100

Current (A/cm’)

0.016

0.014

0.012

0.010

0.008

0.006

0.004

0.002

0.000

NN S N S N e
—~—

——PCI1D

- — = Simulated

0.0

0.1

0.2

0.3 0.4 0.5 0.6
Voltage (V)

(b)





media/file9.jpg
Caleulating
temperatures.

Calculate electron
temperature

Yes

Caleulate optical
phonon temperature

¥

Caleulate acoustic
phonon temperature

Yes

End





media/file0.png





media/file8.png
Gummel's meth@

Calculate potential distribution in equilibrium conditions

Solve Poisson's

equation

otential converged?

Solve continuity
equations

n, p converged?

Vvapplied Z

A

Increase applied voltage
by Vstep

A

‘/applied,ma.x ?






media/file17.jpg
Warclength (o) Wasclength (om)

(a) (b)





