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Abstract

:

Quantum dot (QD)-based solar cells have been the focus of extensive research. One of the critical challenges in this field is optimizing the size and placement of QDs within the cells to enhance light absorption and overall efficiency. This paper theoretically investigates InAs/GaAs QD intermediate band solar cells (QD-IBSC) employing cylindrical QDs. The goal is to explore factors affecting light absorption and efficiency in QD-IBSC, such as the positioning of QDs, their dimensions, and the spacing (pitch) between the centers of adjacent dots. Achieving optimal values to enhance cell efficiency involves modifying and optimizing these QD parameters. This study involves an analysis of more than 500 frequency points to optimize parameters and evaluate efficiency under three distinct conditions: output power optimization, short-circuit current optimization, and generation rate optimization. The results indicate that optimizing the short-circuit current leads to the highest efficiency compared to the other conditions. Under optimized conditions, the efficiency and current density increase to 34.3% and 38.42 mA/cm2, respectively, representing a remarkable improvement of 15% and 22% compared to the reference cell.
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1. Introduction


Solar cells have gained significant attention in recent decades as a critical energy supply resource. One of the primary drawbacks of conventional solar cells lies in their relatively low efficiency. Consequently, researchers have been exploring various techniques to enhance the efficiency of these devices [1].



In recent years, solar cells have emerged as a prominent source of clean energy for many applications. However, compared to industrial requirements, their efficiency has yet to meet the desired levels. As a result, researchers face numerous challenges in their quest for improved efficiency. Intermediate band solar cells (IBSCs) have shown significant potential in increasing light absorption and improving efficiency. Previous studies have extensively examined the absorption characteristics of various quantum dot (QD) shapes, with cylindrical QDs demonstrating promising and consistent absorption properties at various incident light angles [2].



IBSCs are engineered to augment the absorption of photons with lower energy than the bandgap, often called sub-bandgap photons [3]. The incorporation of QDs into the active layer of these cells offers the possibility of broadening the spectrum of absorbed photons with energies lower than the bandgap. This, in turn, increases the likelihood of absorption, subsequently enhancing cell efficiency by modifying the bandgap [4]. Several studies have suggested using QDs and nanowires within the intermediate band, with InAs/GaAs (QD-IBSC) among the notable examples [5,6,7]. Additionally, AlGaAs are utilized as a comprehensive bandgap material in some configurations to mitigate recombination losses [8].



In many cases, the efficiency of solar cell structures does not linearly correlate with production costs [9]. Due to its inherent properties, silicon has primarily dominated the first-generation solar cell market, encompassing both single-crystal and multi-crystal silicon and commanding a significant market share [10].



The most efficient first-generation solar cells achieve approximately 26.7% efficiency, closely approaching the theoretical Shockley–Quisser limit of around 32% for single-junction solar cells without optical focusing [11]. Factors influencing the cost of manufacturing these cells include the purity and quality of silicon crystals, the high fabrication temperatures, and the substantial amounts of silicon needed for production [12]. Factors such as installation and maintenance costs become crucial to make these cells cost-effective for commercial deployment. Commercial entities strive to reduce construction, installation, and maintenance expenses to reach a target cost of $1 per watt while producing lightweight and highly flexible solar panels [13].



Due to the elevated manufacturing costs, second-generation solar cells rapidly supplanted silicon wafers. Thin film technology forms the foundation of these cells, with primary materials including GaAs, CdTe, copper indium gallium selenide (CIGS), amorphous silicon, and crystalline silicon. These materials are typically deposited between a conductive transparent substrate and the electrode, achieving an efficiency of approximately 28% [14,15,16]. Notably, thin-layer materials exhibit significantly lower absorption coefficients than their silicon counterparts. In contrast to CdTe and CIGS, amorphous silicon necessitates less silicon and poses fewer toxicity concerns, with cadmium’s harmful properties being a significant drawback [17]. However, CIGS and CdTe technologies have exhibited promising energy conversion efficiency relative to silicon. Despite this advantage, cadmium telluride and CIGS technologies are still lagging behind silicon crystalline solar cells in terms of efficiency and reliability [18].



One study achieved an efficiency of 13.4% using triple-junction amorphous silicon solar cells [19]. Second-generation solar cells incorporating a thin layer of GaAs exhibit unique characteristics. GaAs boast a high absorption coefficient, in stark contrast to silicon, which requires thicknesses of several hundred microns to achieve adequate absorption. Additionally, gallium arsenide exhibits some degree of insensitivity to heat, with alloys incorporating aluminum and phosphorus serving as valuable additions for gallium arsenide solar cell production [20].



The thermodynamic limit for converting light into electricity in photovoltaic cells with a single P-N junction (first and second generation) stands at 32.9% under the AM1.5G radiation conditions [21]. This threshold, known as the Shockley–Quisser limit, has been achieved because sub-bandgap photons are not absorbed, and photons with energies higher than the bandgap release excess energy as heat (Ephoton-Egap). Third-generation solar cells have the potential to surpass the Shockley–Queisser limit of 32.9% maximum solar cell efficiency. Third-generation solar cells encompass three primary types: dye-sensitized solar cells, QD-based solar cells, and perovskite solar cells [22,23,24]. Among these, IBSCs, initially conceptualized by Luque and Martí, form a vital category. These cells exploit the ability to absorb sub-bandgap photons, transitioning electrons from the valence band (VB) to the intermediate band (IB) before ultimately transitioning them from the IB to the conduction band (CB). Consequently, photons with higher and lower energies than the bandgap can be absorbed, significantly enhancing cell efficiency [25,26]. Structures employing QDs as the intermediate band include InAs/GaAs, GaAs/AlGaAs, and InAs/AlGaAs [27,28,29,30]. QDs with pyramidal, spherical, and cylindrical shapes have demonstrated improved light absorption and efficiency [31,32,33]. Among these, cylindrical QDs exhibit less sensitivity to incident light angles than other dot shapes, resulting in minimal changes and higher absorption rates [2,34].



In alternative configurations, ZnxCd1−xSe@ZnO hollow spheres (HS) have been incorporated into QD-sensitized solar cells (QDSSCs) to scatter light, thereby enhancing power conversion efficiency [35]. Nevertheless, the use of HS may introduce surface defects. To address this issue, TiO2 has been employed as a passivation layer on the sphere’s surface to optimize the performance of CdS/CdSe QDSSCs. This enhancement enhances light collection and reduces recombination, ultimately increasing electron lifetime [36].



In some studies, researchers have used quantum well (QW) structure [37]. The quantum well solar cells (QWSCs) are advanced photovoltaic devices that leverage the quantum confinement effects in semiconductor materials for efficient energy conversion. QDs possess distinct energy levels that enable the absorption spectra to be tailored based on their size and composition. This unique feature makes QDSCs capable of capturing a wider range of solar spectrum compared to QWSCs, thereby increasing their efficiency and performance, particularly in low-light situations, and because of their higher surface-to-volume ratio, they have a lower surface recombination than QW [38].



QDs were initially regarded as defects; however, scientists have recognized their exceptional properties over time. Utilizing thin layers can also contribute to reduced construction costs [39]. The optimization of QDs within solar cell structures can lead to improved performance and increased efficiency. The unique electronic properties of QDs facilitate enhanced light absorption and improved electron transfer. The effective integration of QDs into solar cells holds the potential for advancements in solar cell development. Due to their diminutive size and distinct optical properties, QDs can enhance light absorption, consequently increasing the generation of electron–hole pairs and reducing leakage current through electron transfer optimization [40].



Despite substantial progress in enhancing the performance of QD solar cells, numerous challenges must be addressed to advance in this direction. To this end, modifying the size and shape of QDs and adopting random or array layouts within the cell structure can be explored to improve light absorption and overall cell efficiency [41].



This paper delves into the optimal conditions for QDs regarding their shape, size, position, center distance, and height to maximize efficiency by enhancing the cell’s short-circuit current, electron–hole generation rate, and output power. Various modes of investigation have been undertaken, starting with the reference cell’s base conditions. Subsequently, by investigating QDs, suitable conditions for enhancing cell efficiency have been evaluated. Considering efficiency in three distinct conditions—maximum output power, generation rate, and short-circuit current—the study has achieved maximum efficiency in the condition of maximum short-circuit current, leading to improved cell performance compared to other conditions. The impact of size variations, QD height, QD radius, and layout on efficiency becomes evident.



This paper follows the following structure: Section 2 elucidates the theoretical framework for QD-IBSC and its influential parameters; Section 3 presents the results, while the conclusions are outlined in Section 4.




2. Theoretical Framework


There are several ways to improve the efficiency of solar cells. Using materials with high light absorption and low series resistance can increase the current and efficiency [42]. Other types of thin-film solar cells are currently under development to tackle the issue of using expensive and rare metals such as indium (In), gallium (Ga), and arsenide (As), which are presently being used in the two most common thin film technologies. These new types of cells aim to reduce the cost of mass production and make solar energy more affordable [43]. Another approach is to incorporate QDs in the active layer and utilize an extensive bandgap material, as well as a window for passing the electron and hole to the electrodes. Figure 1 shows the solar cell structure [2].



Cell efficiency is affected by the shape and number of QD layers. However, the QD’s dimensions and the impact of the other variables must be discussed. In general, changes in dimensions, including radius, height, and the volume occupied by QDs in the cell, can have a positive or negative effect on various characteristics of the cell, including optical characteristics, which for QDs include variables such as the radius and distance between the centers, and the type of their arrangement inside the active layer is of particular significance. Dimensions of cylindrical QDs in this structure are shown in Figure 2.



The self-assembly growth method typically results in pyramid-shaped QDs [44]; but in practical endeavors, efforts have been made to find ways to implement it, although various growth methods have been employed to achieve this goal. One method to achieve cylindrical QDs involves the use of patterned substrates or templates. By creating specific patterns on the substrate surface, such as nanoholes or nanowires, researchers can guide the growth of the quantum dots into cylindrical shapes. Additionally, molecular beam epitaxy (MBE) and metalorganic chemical vapor deposition (MOCVD) techniques allow for precise control over the growth parameters, such as temperature, pressure, and flux rates, which can influence the shape and size of the quantum dots [44].



For a solar cell with QDs as IB, by utilizing the Schrodinger equation, generally:


    −  h 2    2  m *     ∇ 2  φ = i h  d  d t   φ  



(1)






    −  h 2    2  m *         ∂ 2    ∂  x 2    +    ∂ 2    ∂  y 2    +    ∂ 2    ∂  z 2      φ   x , y , z   +  V c    x , y , z   =  E  x , y , z   φ   x , y , z    



(2)




where    V c    x , y , z     is the confinement potential for QDs defined as:


   V c    x , y , z   =     0 ∈ Q D     V ∉ Q D      



(3)







As can be seen, the confinement potential of QDs is zero inside the QD. Therefore, the Schrodinger equation inside the QD reduces as below:


    −  h 2    2  m *         ∂ 2    ∂  x 2    +    ∂ 2    ∂  y 2    +    ∂ 2    ∂  z 2      φ   x , y , z   =  E  x , y , z   φ   x , y , z    



(4)




   E  x , y , z   φ   x , y , z     is the energy of the electron. The equation for the optical absorption coefficient in QDs during electron transition from the initial to the following condition is given by Equation (5) [45]:


  α  ω  =  ∑  〈  n 1    ,  l 1    e . r   n , l 〉 δ    E  n l   −  E   n 1   l 1    − ℏ ω    



(5)




where e is the unit vector in the direction of polarization of light and l1 and n1 are the numbers of quantum radial and angular for the initial condition; l and n are for the ultimate condition.



Maximum absorption is achieved in the material bandgap and will decrease in the following transitions, and the bandgap decreases by increasing the size and effective mass of the QDs. It is a critical point in solar cell design. In the accomplished computations, the potential inside the QD is considered limited, and the outside of the QD is infinite.



According to the Brus equation given by Equation (6), if QD dimensions are smaller, the band structure is such that the difference between energy bands is more significant [46]. On the other hand, if the QD dimensions are more significant, the difference between the energy bands is lower. Therefore, by increasing QD sizes, the bandgap is decreased.


  E =    ℏ 2   π 2    2  R 2       1   m e    +  1   m h      +  E b  −   1.8  e 2     ε s  R    



(6)







The reason for the modifications in the bandgap is that the energy balance decreases as the dimension of the QDs increases [47]. Therefore, stabilization requires less force as QD sizes increase due to the reduced repulsive force. As a result, the bandgap energy will be increased due to Equation (7). Modifying the number of quantum layers and their radius makes it possible to increase the current and efficiency.


   J n k  = e F   k , λ     1 − exp   − α  λ  d     +  J  n Q D  k   



(7)




where k is the number of the layers of QDs located at d distance from each other, F is the photons with wavelength λ, and the other part of the equation is due to the presence of QDs in the active layer [48].



By optimizing the QD dimension and modifying the amount of absorption based on the bandgap, there will be a significant increase in efficiency. In IBSC, the efficiency is evaluated by the below equation:


  P C E =    P m     P  i n     =    J  s c   ×  V  o c   × F F    P  i n      



(8)




where Pin is the input power inside the QD-IBSC, the open circuit voltage, and the fill factor given by Equation (9) [49]:


  F F =     q  V  o c     k T   − ln ( 0.72 +   q  V  o c     k T   )   1 +   q  V  o c     k T      



(9)







All values are obtained in standard conditions (AM1.5 spectrums with power density 1000 W/m2 and temperature 25 °C).



According to previous relationships, all parameters regarding short-circuit current can be written. The short circuit in the P-N junction is obtained using mathematical relationships. Therefore, by applying boundary conditions as well as considering the velocity of additional electrons at the front surface (Vn) and additional holes at the back surface (Vp), the current densities in the emitter and base are obtained as follows [50]:


   J n  = q F ( 1 − R )   α  L n      ( α  L n  )  2  − 1   ×        V n   L n     D n    + α  L n       V n   L n     D n    sinh    x j     L n    + cosh    x j     L n      −   α  L n  +      V n   L n     D n    cosh    x j     L n    + sinh    x j     L n         V n   L n     D n    sinh    x j     L n    + cosh    x j     L n         e  − α  x j       



(10)






   J p  = q F ( 1 − R )   α  L p      ( α  L p  )  2  − 1   ×     α  L p  −      V p   L p     D p    cosh  d   L p    + sinh  d   L p         V p   L p     D p    sinh  d   L p    + cosh  d   L p        −     α  L p  −    V p   L p     D p         V p   L p     D p    sinh  d   L p    + cosh  d   L p         e  − α d      e  − α (  x j  + ω )    



(11)




where,  α , R, F, and x are light absorption coefficient, reflectivity, incident photon flux perpendicular to the surface, and distance at which electron and hole are generated, respectively. The Ln and Lp are diffusion lengths of electrons and holes, respectively. Moreover, Dn and Dp are diffusion coefficients of electrons and holes, respectively [49]. Furthermore, the current density in the depletion region is obtained from the following relationship for electrons and holes that move in the opposite direction.


   J r  = q F ( 1 − R )    e  − α  x j    −  e  − α (  x j  + ω )      



(12)







The short-circuit current density is the sum of the Jn, Jp, and Jr in the input spectrum, which starts from wavelength 300 nm to wavelength corresponding to the length of the material energy band. The equation to calculate the voltage and current at which the output power is at maximum using short-circuit current (ISC) and reverse-saturation current (I0) is described in Equations (13) and (14) [49]:


  exp     e  V m    k T       1 +   e  V m    k T     = 1 +    I  S C      I 0     



(13)






   I m  =   e  V m    k T + e  V m       I  S C   +  I 0     



(14)







The amount of open-circuit voltage and short-circuit current depends on the semiconductor bandgap. In the semiconductor with a smaller band gap, the voltage of the open circuit is lower, and the short-circuit current is more extensive, and vice versa. A solar cell’s efficiency depends on the cell’s series and parallel resistance, and considerable parallel resistance leads to increasing current. Internal parasitic resistance, including connectivity resistance and leakage current, affects cell efficiency. When the cell is concentrated in light, the series resistance is a fundamental problem that can be reduced using low-resistance materials. Reducing parallel strength and increased resistance of the series reduces the fill factor and the maximum power [51].




3. Results and Discussion


First, the reference structure results were observed to commence the computational analysis, and the materials’ initial thickness [2] was considered. Table 1 provides the initial thicknesses utilized in the structure in which ten layers of quantum dots arranged in symmetrical arrays are used. Three computational conditions were executed to enhance the efficiency of the solar cell. These conditions included optimizing the cell’s power absorption, short-circuit current, and generation rate. After completing the computations for these three conditions, the optimal conditions will be defined and presented as the final structure. Subsequently, the processes will be discussed, and the results will be compared. The finite-difference time-domain (FDTD) method was used to analyze and check the proposed structure in two optical and electrical modes. Generally, the FDTD method does not calculate QD energy levels in solar cells, but it is important for improving device performance. It provides useful insights into how light interacts with matter, the optical properties, and how the device can be designed. By using the FDTD method, we can develop more efficient and cheaper QD solar cells for renewable energy. The accuracy of the results and optical stability were verified through several repetitions.



3.1. Improvement Based on Power Absorption Optimization


Modifications to the electrical characteristics are induced by altering the parameters of QDs. The computations have been performed at 500 frequency points to achieve maximum power output. Comprehensive modifications and analyses have been conducted within various ranges for each influential parameter. The resulting modifications, efficiency, and FF are presented in Table 2.



Optimizing power absorption can enhance the efficiency of a solar cell by up to 30.5%. Electrons are confined within the QDs due to the confinement potential, which restricts their mobility. In this context, the role of the QD height and pitch becomes pivotal as an increased height leads to greater electron mobility. This directly affects the band structure, resulting in enhanced power absorption. Figure 3c illustrates achieving maximum power absorption and an increase in short-circuit current, ultimately elevating the cell’s efficiency compared to its initial state. Another parameter affecting power absorption optimization is the pitch of the QDs, which can be fine-tuned for improved efficiency and precision. Expanding the distance between QD centers reduces power absorption as it diminishes the probability of photon incidence on the QDs. On the other hand, the optical properties of quantum dots, such as their absorption spectra and light absorption efficiency, are strongly influenced by their radius, which affects the power absorption of the cell. At the nanoscale level, the confinement of charge carriers within smaller quantum dots leads to a phenomenon known as quantum confinement effects. This effect causes the energy levels to become quantized, which means that they can only take on certain discrete values. Larger quantum dots have weaker confinement effects and broader absorption spectra. Longer cylindrical quantum dots or larger ratio of height (b) to radius (R) have enhanced light trapping and absorption due to their higher interaction path length for incident photons. Figure 3 illustrates the efficiency, short-circuit current, and power absorption compared to the reference cells.




3.2. Improvement Based on the Short-Circuit Current Density Optimization


As per Equation (7), QDs and their dimensions can augment light absorption and solar cell output power. The physical attributes of QDs, including size, radius, and density within the active layer, positively influence light absorption, resulting in increased cell current. In this section, the cell’s efficiency and electrical characteristics are evaluated by optimizing the physical properties of QDs, and the outcomes are presented in Table 3.



Optimizing the short-circuit current of the solar cell significantly impacts its efficiency. As indicated in Table 3, altering the pitch of QDs and reducing the thickness of the active layer leads to an increase in the short-circuit current. Reducing the active layer’s thickness shortens the electron and hole transfer path to the electrode. This accelerates electron and hole movement, reduces material resistance, and augments the short-circuit current. Additionally, the arrangement of QDs is a key factor in determining the efficiency of a solar cell. When the pitch of QDs is properly aligned with the wavelength of the incoming light, it can result in constructive interference between neighboring QDs, leading to enhanced light absorption. This can significantly boost the overall efficiency of the solar cell by increasing the number of photons absorbed. Therefore, the pitch plays a crucial role in determining the efficiency of charge transport and collection.



A suitable pitch facilitates the transfer of charge carriers between neighboring quantum dots, thereby reducing the chances of charge carrier recombination. Additionally, an optimal pitch enables the efficient extraction of charge carriers generated by absorbed photons to reach the electrode interfaces and improves the overall charge extraction efficiency of the solar cell. Simultaneously, increasing the QD pitch reduces the active layer’s thickness, improving light absorption and boosting the short-circuit current and overall efficiency. Figure 4 displays the efficiency chart, short-circuit current density, and power absorption relative to the reference cell. Higher efficiency is achieved in this condition compared to optimizing for maximum power output and the source condition.




3.3. Improvement Based on the Generation Rate Optimization


In this section, the optimization of QD features has led to the attainment of the optimal condition for maximizing the generation rate, as shown in Table 4. The radius of the QDs directly influences the generation rate and open-circuit voltage, primarily by affecting the surface area of the dots. A larger radius increases light absorption and the generation of electron–hole pairs in QDs, subsequently absorbed by the solar cell. QD dimensions also dictate the distance electrons and holes must travel to reach the outer area of the QDs for transfer to the surface. A smaller QD radius facilitates this transfer, preventing the accumulation of electrons and holes and thus increasing the generation rate. The electronic band structure and energy levels of quantum dots are significantly influenced by their size. Quantum dots with smaller dimensions generally display stronger confinement effects, resulting in discrete energy levels and a wider bandgap. This leads to a higher open-circuit voltage as it reduces the recombination of charge carriers and improves the built-in potential across the heterojunction. Furthermore, the QD radius determines which contact (front or back) benefits the QDs, impacting current distribution within the solar cell and ultimately enhancing performance and short-circuit current. Reducing the QD pitch in this condition also optimizes the generation rate by altering the QD band structure and electric field distribution, increasing the generation rate. Figure 5 illustrates the efficiency, short-circuit current density, and power absorption compared to the reference cell, demonstrating higher efficiency under these conditions.



Optimal efficiency is achieved through short-circuit current optimization by optimizing three distinct conditions and comparing the output results. Figure 6 presents charts comparing the different conditions. Notably, parameters such as the thickness of the strain layer and the cell length exhibit minimal effects on cell characteristics. Furthermore, in all optimization scenarios, the wavelength between 700 and 800 nm demonstrates maximum power absorption. Optimizing QD dimensions significantly impacts short-circuit current, and the open-circuit voltage with smaller QDs indicates a slight increase compared to other conditions with larger QDs.



Figure 7 analyzes the spatial positioning of QDs and their impact on two-dimensional adsorption profiles. Lower QD pitch results in increased light absorption on the cell surface. In the condition optimized for power and short-circuit current, an increased QD radius leads to a more excellent area occupation and enhanced light penetration into the QDs, consequently increasing current and efficiency.





4. Conclusions


To enhance the efficiency of solar cells, it is imperative to utilize suitable materials and optimize their sizes and dimensions for maximum efficiency. Proper material positioning within the structure is also critical. QD-IBSC exhibits promising results in achieving these objectives. This study theoretically determines the optimized sizes of QDs under three conditions through rigorous computations: maximum absorption power, short-circuit current, and generation rate across 500 frequency points. The condition with maximum short-circuit current optimization yielded the highest efficiency. It is evident that QD sizes and the arrangement of QDs within the active layer significantly influence cell efficiency. Additionally, the QD pitch has been shown to enhance solar cell characteristics. Furthermore, optimizing the active layer thickness in QD-IBSC can increase the short-circuit current and overall solar cell efficiency. Notably, optimizing QD dimensions has a limited impact on open-circuit voltage. In the study, the condition optimized for short-circuit current achieved an efficiency of 34.3% and a short-circuit current density of 38.42 mA/cm2, representing a 15% and 22% improvement, respectively, compared to the reference cell.
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Figure 1. Schematic of reference cell with the position of QDs. 
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Figure 2. The lateral cross-section of cylindrical QDs and the parameters of QDs investigated for the proposed QD-IBSC. The dimensions are described as follows: a is active layer thickness, R is the radius of QDs, b is the height of cylindrical QDs, p is the pitch of the cylindrical QDs in ordered array mode, and L is the thickness of the strain layer. 
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Figure 3. Characteristics of (a) power versus voltage, (b) current density versus voltage, and (c) power absorption of the proposed QD-IBSC for power absorption optimization. 
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Figure 4. Characteristics of (a) power versus voltage, (b) current density versus voltage, and (c) power absorption of the proposed QD-IBSC for short-circuit current optimization. 
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Figure 5. Characteristics of (a) power versus voltage, (b) current density versus voltage, and (c) power absorption of the proposed QD-IBSC for generation rate optimization. 
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Figure 6. Comparison of results for the proposed QD-IBSC under three optimization conditions with the optimal condition; (a) power versus voltage, (b) current density versus voltage, and (c) normalized power absorption versus wavelength. 
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Figure 7. Two-dimensional absorption profiles under three optimization conditions: (a) power absorption, (b) short-circuit current, and (c) generation rate. 
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Table 1. Material and initial thickness of QD-IBSC [2].
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	Material
	Thickness





	Base-aluminium (Al)
	200 nm



	Emitter-Al
	200 nm



	Al0.2Ga0.8As
	20 nm



	GaAs
	200 nm



	Symmetric array of InAs cylindrical QDs
	R = 10 nm, a = 10 nm



	10 layer
	p = 30 nm



	GaAs
	200 nm



	Strain GaP
	10 nm



	Al0.8Ga0.2As
	30 nm



	Anti-reflect coating (n = 1.7)
	100 nm










 





Table 2. Optimized parameters and electrical characteristics based on power absorption optimization.
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	X Span (nm)
	R (nm)
	P (nm)
	b (nm)
	a (nm)
	L (nm)
	Efficiency
	FF





	320
	25
	62.86
	80
	111.1
	10.29
	30.52%
	87%










 





Table 3. Optimized parameters and electrical characteristics based on short-circuit current density optimization.
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	X Span (nm)
	R (nm)
	P (nm)
	b (nm)
	a (nm)
	L (nm)
	Efficiency
	FF





	351.11
	25
	71.2
	80
	96.36
	10.07
	34.30%
	88%










 





Table 4. Optimized parameters and electrical characteristics based on generation rate optimization.
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	X Span (nm)
	R (nm)
	P (nm)
	b (nm)
	a (nm)
	L (nm)
	Efficiency
	FF





	350
	10
	30
	28.52
	40
	6.51
	32.34%
	88%
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