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Abstract- The performance of electronic devices, especially solar cells, at high temperatures is of primary interest to 

researchers. The design and construction of high-efficiency solar cells face some difficulties. One of these difficulties 

is the rising temperature, thus solar cells temperature assessment is essential to guarantee high performance. 

Normally, rising temperature, in solar cells, is associated with the normal ambient temperature and the produced 

internal temperature due to power dissipation. Accordingly, this investigation aims to reduce the effect of applied 

temperature from both sources. To reduce the destructive effect, the authors design a simple construction model 

that utilizes SiO2 and Si3N4 as a filtering layer. The outcomes of this study show that the power conversion is optimum. 

Si and SiC Solar cells both with and without using a filter are evaluated and compared. Finally, enhancement in power 

conversion efficiency and other characteristics has been investigated. The intermediate band solar cells were 

evaluated with both internal and external temperature effects. To reduce the internal temperature, the authors 

utilized a novel method for extracting the hot carriers from different energy levels by using multilevel energy selective 

contacts (ESCs). It was shown that ESCs promote efficiency and break the Shockley-Queisser limit.  

Keywords: Efficiency; temperature; filter; single-junction solar cell; Intermediate Band Solar Cells (IBSCs); Detailed 

Balance model; ESCs. 

1. Introduction  

Public awareness of the need to put an end to global warming and significant increases in oil prices has encouraged 

many countries around the world to adopt new energy policies that promote renewable energy applications to meet 

energy requirements and protect the environment. This is, the case, in both developed and developing countries. 

Solar energy can be mainly utilized in two ways, namely, either to use it directly for heating or cooling of air and water 

without using an intermediate electrical circuit or to convert it into electrical energy by using photovoltaic (PV) 

modules [1]. Direct conversion of solar radiation into electrical energy is the most convenient way of utilizing solar 

energy. The advantages of using the photovoltaic effect to generate electricity include no production of pollutants 

during operation, silence, long lifetime, and low maintenance. Moreover, solar energy is abundant, free, clean, and 

unlimited [1]. In general, a solar cell is an optoelectronic device that can directly convert solar energy into electrical 



energy [2]. The study of the impact of temperature (T) on solar cells is extremely important as, in terrestrial 

applications, they are generally exposed to a temperature ranging from 300 K to 450K [1] and to even higher 

temperatures in space and concentrator systems. Temperature can affect how electricity flows through an electrical 

circuit by changing the speed at which the electrons travel. Also, since solar panels work best at certain weather and 

temperature conditions, engineers design ways to improve the efficiency of solar panels that operate in sub-optimal 

temperature conditions [2,3]. Designing and construction of solar cells which offer high efficiency have some 

difficulties that are addressed in this investigation. One of the most important problems is the high-temperature 

effect. Usually, the temperature is classified by the normal temperature of the environment and the temperature 

produced in the solar cell.  

2. Designing of filter  

As stated before, the impact of temperature can be investigated through the normal temperature of the environment 

and the temperature produced in the solar cell. Thus, in this study, the main purpose is to reduce the effect of applied 

temperature from both sides. To reduce the destructive effect, the authors design a simple construction model that 

uses SiO2 and Si3N4 as a filtering layer. It shows that the power disturbing is extremely optimum. This study, also, 

presents a method for calculating the amount of reflected, transmitted spectrum by using the transfer matrix 

method in multilayered structures [4]. The transfer-matrix method is a method used in optics and acoustics to 

analyzes the propagation of electromagnetic or acoustic waves through a layered medium [4]. This is a relevant 

example of designing anti-reflective coatings and dielectric mirrors. Referring to Fig. 1 we will revisit the reflection 

and transmission of electromagnetic radiation through a thin film using the 2×2 matrix method.  

 
Fig. 1: A thin layer of dielectric material 

 

Where 0n , 1n   and 2n  are the refractive indices respectively, 1d  and 2d  are the thickness of those layers. In 

addition, to consider the effect of temperature on the refractive indices, the following relation is used [5]. 
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In which T is the temperature in media (junction in the solar cell), and T0 equals 300 K. The dielectric structure is 

described by the transfer-matrix method based on Maxwell's equations and there are simple continuity conditions 

for the electric field across boundaries from one medium to another. If the field is known at the beginning of a layer, 

the field at the end of the layer can be derived from a simple matrix operation. A stack of layers can then be 

represented as a system matrix, which is the product of the individual layer matrices. The final step of the method 

involves converting the system matrix back into reflection and transmission coefficients. 

The reflection of light from a single interface between two media is described by the Fresnel equations. However, when 

there are multiple interfaces, such as in Fig. 1, the reflections themselves are also partially transmitted and then partially 

reflected. Depending on the exact path length, these reflections can interfere destructively or constructively. The overall 

reflection of a layer structure is the sum of an infinite number of reflections, which is cumbersome to calculate [4]. In 

this method, a boundary 2×2 matrix 1D and diffusion 2×2 matrix 1P , defined for each layer as: 
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Where 1n and 2n are refractive indices, 1 and 2  are the angle of incident and reflected components and   is the 

changed phase of light as it propagates through the thin film given by: 
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The resultant matrix is defined as the product of these characteristic matrices: 
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Where the elements of the matrix are written as:  

3 3 3 32 2
11

1 1 1 1 2 2

cos coscos1 1
1 cos sin

2 cos 2 cos cos

n nn
M i

n n n

  
  

   
      

   
       (6) 

3 3 3 32 2
12

1 1 1 1 2 2

cos coscos1 1
1 cos sin

2 cos 2 cos cos

n nn
M i

n n n

  
  

   
      

   
                                                                                    (7) 



3 3 3 32 2
21

1 1 1 1 2 2

cos coscos1 1
1 cos sin

2 cos 2 cos cos

n nn
M i

n n n

  
  

   
      

   
    (8) 

3 3 3 32 2
22

1 1 1 1 2 2

cos coscos1 1
1 cos sin

2 cos 2 cos cos

n nn
M i

n n n

  
  

   
      

   
                                                                             (9) 

The transmittance and reflectance are written as:  

11

1
T

M
                                                                                                                                                                                        (10)

21

11

M
R

M
                                                                                                                                             

(11)  

3. Single junction solar cells 

The authors utilize the AM1.5 as a standard condition for investigating the performance of solar cells. In AM1.5 angle of 

radiation of 48.2 and light intensity is around 100mW/cm2 [6]. The current-voltage (I–V) characteristics of p–n junction 

solar cells under steady-state illumination can most simply be described using the single exponential model as, 

 0 1qv nKT

ph
J J J e                                                                                                                                                     (12) 

Where phJ  represents the photo-generated current density, V is the terminal voltage, i.e., the voltage developed across 

the junction, k is the Boltzmann constant and n is the ideality factor. The open-circuit voltage is the maximum voltage 

available from a solar cell. Equation (1) at J = 0 yields the expression for Voc as: 
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Fill Factor is defined as the ratio of the maximum power output at the maximum power point to the product of the open-

circuit voltage and short-circuit current density and can be expressed as: 

max

oc sc

P
FF

V J
                                                                                                                                                                             (14)  

The efficiency of a solar cell is the ratio of the power output corresponding to the maximum power point to the power 

input and is represented as:  
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Where Pin is the intensity of the incident radiation [7]. So it results that we decrease the shinning and reflecting while 

promoting the power conversion efficiency of the solar cell. For decreasing reflection from the surface of the cell, two 

kinds of materials, SiO2 and Si3N4 with a thickness of d1 = 0.1 m and d2 = 0.2 m, and 1 1n  , 2 1.45n  , 3 1.92n   and 

4 3.4n   is investigated. In this study, the focus is on using consumable and practically usable materials. The designed 

filter could be over 400 nm and enters a greater amount of light into the cell. The applied filter is shown in Fig. 2. 

 
Fig. 2.  The designed Chart filters using compounds of SiO2 and Si3N4, with a thickness of 0.1 µm and 0.2 µm. 

 

With attention to this, the general material of the solar cells is silicon and it does not affect the doping level in the 

refractive index structure. Fig. 2 is showing the transmittance component of incident light of the designed filter versus 

wavelength. In the range between 400 nm to 800 nm, the transmittance is increased and reached its maximum point. A 

magnificent point is that our designed filter well matches the spectrum of light. Fig. 3 shows the wavelength of the solar 

spectrum in the standard condition of AM1.5. 



 
Fig. 3. Designed Chart filters and the standard AM1.5 solar spectrum wavelengths 

 

From the Varshney model the bandgap of semiconductors is changed with temperature variations [8]: 
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Where εcv (T) and εcv (0) are the band gaps at temperature T and 0 K respectively,  and  [9] are constants and their 

values for Si and 3C-SiC are listed in Table 1 [10]. 

Table 1. Parameters of Si and 3C-SiC 

Material εcv (0) (eV)  (eVK-1)×10-4  (K) 

Si 1.16 7.02 1108 

3C-SiC 2.2 6 1200 

 

To investigate the impact of temperature on solar cells, we assume the Si and SiC-based solar cells. The efficiency versus 

temperature is traced in Fig. 3 with and without using the filter. 



  
(a) (b) 

Fig. 3. Efficiency versus ambient temperature in both filtered and unfiltered (a) Si and (b) 3C-SiC based solar cells 

 

As shown in figure 3 the efficiency with using the filter is higher than the contrast without using a filter and the 

power conversion efficiency is also improved. The 3C-SiC solar cell-based system possesses some favorable 

characteristics that make it suitable and applicable substitute material in photovoltaic systems. In addition, the 3C-

SiC solar cell is potential material, for a high-temperature application, wider bandgap semiconductor i.e.  2.2 eV for 

3C-SiC and 3 eV for 6H-SiC, and comparable carrier mobility with Si [11]. 

4.  Temperature effect on Intermediate Band Solar Cells  

Intermediate Band Solar Cells (IBSCs) are another type of solar cells introduced by Luque in 1997 [12] harvest most 

parts of the electromagnetic spectrum by a mini sandwiched band between valance and conduction band. The 

schematic diagram of an IBSC is shown in Fig. 4 in which there are three transitions, (i) transition between valance 

band and intermediate band (ii) between intermediate band and conduction band (iii) between valance and 

conduction band. 

 
Fig. 4. Schematic band diagram of an IBSC with transitions between bands 

 



To analyze the cell performance and efficiency calculation the authors of this investigation use the Detailed Balance 

model introduced by Shockley and Queisser [13]. From the Detailed Balance model the output current is the 

difference between the absorbed and emitted current and can be written as: 

 out abs emJ J J                     (17) 
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Where ( , , )N T  is the particle flow calculated from Planck’s law [14]:  
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Where C is the speed of light, h is Planck’s constant, K is Boltzmann’s constant, and Ts and Tc are the temperature of 

sun and cell respectively. μ is the chemical potential and in the case of solar radiation is zero but in luminescent 

emission from a photovoltaic device equals eV, where e is the charge of the electron and V is the voltage across the 

device. Output Power is the product of J with V and power conversion efficiency is: 
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The efficiency against sub-bandgaps is traced in Fig. 5. The maximum efficiency is occurred in the Eci = 0.71 eV and 

Eiv = 1.24 eV which is about %63. 

 
Fig. 5. Efficiency versus sub-band gaps (Eci and Eiv) 

 



To verify the impact of temperature on IBSC we consider two sources of heat, (i) external induced temperature due 

to direct radiation of the sun and (ii) internally generated temperature due to high energy photons which produce 

hot carriers, and if they aren’t extracted rapidly they thermalize the lattice and destruct the cell performance. 

4.1. External temperature effect 

Similar to single-junction solar cells the IBSCs are suffering from temperature increment. Throughout using the 

Varshni model we can verify the temperature effect on IBSCs. As stated previously the bandgap of semiconductors 

is decreased by temperature increment. Contour plot of efficiency variations versus two sub-band gaps (Eci and Eiv) 

is shown in Fig. 6. As shown in Fig. 6 (a) at 300 K the 3C-SiC curve is traced in a dashed line. If Eiv and Eci are 0.8 eV 

and 1.35 eV the efficiency is about 62%. While, at 800 K Eiv and Eci are 0.75 eV and 1.25 eV , respectively, and the 

efficiency will reduce to about 49%. 

 
 

(a) (b) 

Fig. 6. Contour plot of an IBSC versus sub-band gaps dashed lines are showing bandgap of 3C-SiC at (a) 300 K 

and (b) 800 K. 

 

To overcome the impact of temperature on the solar cell the authors utilized the filter on the solar cell. The efficiency 

against temperature for an IBSC based on 3C-SiC is traced in Fig. 7 with filter and without it. It results that by using 

filter the efficiency stability is higher and its decrement is slower than without using it. 



 
Fig. 7. Efficiency -temperature effect with filter and without it. 

4.2. Internal temperature effect 

The internal temperature can be generated through high-energy photons which create hot carriers. Extracting of the 

hot carrier must be extremely fast, to prevent the thermalization of the carrier [15]. For this case, we use energy 

selective contacts (ESCs) to extract more and more hot carriers. ESCs are double barrier tunneling junctions that are 

made with SiO2 sandwiched between Si [16, 17]. The schematic band diagram of the hot carrier extracting is shown 

in Fig. 8. Here, we assume multilevel implanted ESCs on the valance and conduction band. We use a novel method 

for extracting the high-energy carrier by using ESCs implanted with specific intervals and supposing the width of each 

ESC is small. 

 
Fig. 8. Band diagram of Intermediate band-assisted hot carrier solar cell using multi-level ESCs 

 

Using selective energy contact, the generated heat inside the solar cell is decreased and the following relation (Eq. 

22) shows the amount of the heat reduction. In this equation iE is the energy difference between contact i+1 and 

I and also i is wavelength corresponds to contact i+1.  
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The effect of several ESCs is lowering the thermalization due to extracting of hot carrier rapidly. The efficiency of 

using several ESCs in different ESCs is shown in Fig. 9. 

 
Fig. 9. The efficiency of IBSCs versus Number of ESCs when the number of ESCs is reached five 

 

Fig. 9 shows the efficiency contrasted with the number of ESCs using multilevel ESCs. The Efficiency is increased due 

to the extraction of the hot carrier from different energy levels in conduction and valance band.  The extracted 

efficiency without using any ESCs is about %62 while by using five ESCs it is increased to %68. 

5. Conclusion 

This study investigated the efficiency of solar cells with and without optical filters (multilayer stack) in front of the cell. 

We used the optical filter on the top surface of Si and SiC solar cells. The results show that the filter has a significant 

effect on the efficiency enhancement. The efficiency variations with temperature were investigated and we observed 

that the SiC solar cells are better than Si due to their stability in 450 K. Similarly, another type of solar cell, namely 

IBSCs, was investigated, and the designed filter was applied to it. As a result, the efficiency was increased dramatically 

and it becomes more stable at the same time. The other source of energy is the internal energy, which can be created 

due to hot carriers, which was decreased by using the multilevel ESCs. Finally, the multilevel ESCs are lowering the 

thermalization of the carriers, increasing the efficiency and breakdowns the Shockley-Queisser limit.  
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