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Abstract: High-energy coming photons can be absorbed and lead to generate hot carriers. In normal solar cells, these 

carriers are scattered, by electron-electron and electron-lattice mechanisms, and rapidly lose extra energy then 

approach the conduction band energy edge. This event in addition to other loss mechanisms causes the efficiency 

reduction in the solar cells to a limited value, theoretically 33%.  Accordingly, the efficiency of solar cells can be 

enhanced considerably, if one makes the possibility for carriers that can be extracted rapidly before scattering and 

releasing extra energy to the lattice. This type of solar cell is called hot carrier solar cells (HCSCs). To this end, to 

improve the conversional efficiency, multilevel energy selective contacts (ESCs) as a new concept and 

new mechanism in solar cells can be utilized. In the other words, several appropriate energy levels as carrier 

extraction contacts in the conduction band are introduced. Here, we use multilevel ESCs, and based on our 

simulation it is shown that the maximum efficiency of 75% is achievable for low bandgap materials. For a typical 

material such as Si, the maximum efficiency is increased to 60% using ten ESCs.  

Keywords: Hot Carrier Solar Cells; Energy Selective Contacts; Efficiency; Detailed Balance model; Entropy. 

1. Introduction 

In a conventional solar cell, thermalization losses of photo-generated carriers are an important issue that decreases 

conversional efficiency. Thermalization refers to the carriers that have excess energy higher than the bandgap of 

absorber materials. The absorbed carriers emit energy as a phonon to reach the band edge and release their energies 

as heat [1]. The effect of this phenomenon can be seen in the shortage of power conversional efficiency. So, if these 

carriers can be extracted rapidly, the efficiency will be increased and overcomes the Shockley- Queisser limit [2]. 

Shockley and Queisser showed that the maximum efficiency for single-junction solar cells is 40.7% that can be 

obtained for materials with a bandgap of 1.12 eV [3]. There are some ways to overcome this limitation such as 

introducing impurity levels [4-6], multi-junction, Multiple Exciton Generation (MEG) [7], and hot carrier extraction 



before wasting their energies [8]. Intermediate Band Solar Cells (IBSCs) increase the efficiency using the absorption 

of the low energy photons in two or more steps (up-conversion), in addition to the valence band to conduction band 

transitions in traditional solar cells [9-11]. The multi-junction method splits the spectrum into several spectra and 

light is absorbed with well-matched absorbers such as tandem solar cells [12]. Another method is the hot carrier 

extracting related to the high-energy photons. It is an important mission to provide a method to decrease dissipation 

time and extracting the carriers immediately before their completely thermalizing. If the thermalizing time is 

assumed to be 1ns, then the conversional efficiency power will be higher than the efficiency related to the single-

junction solar cells. Thus, the efficiency can be improved with increasing of this time. For extraction of hot carriers, 

energy selective contacts (ESCs) are purposed. ESCs, in turn, are double barrier resonant tunneling diodes consisting 

of Si quantum dots embedded in SiO2 matrices [13].  

In this investigation, the authors are introducing a new model to extract the hot carriers based on multiple ESCs 

implanted on the valance and conduction band. Fig. 1 shows the schematic diagram of the proposed model. The 

width of each ESC has been assumed to be zero and their intervals are  . 

 

Fig. 1. Schematic diagram of multiple Energy Selective Contacts 

2. Effect of Thermalization time on Hot Carrier Solar Cells 

To analyze a hot carrier solar cell we make two assumptions: (i) an absorber with a bandgap that generates carriers 

with photoexcitation. (ii) Multiple Selective Energy Contacts (ESCs) implanted on the conduction band and valance 

band at each specific energy level that can extract hot carriers to metal electrodes [13]. Additionally, enough time 

requires for hot carriers to reach the electrodes. This time is called the thermalization time and here we assumed a 

finite thermalization time. 



2.1. Detailed Balance model for particles and energy fluxes  

To calculate the conversional efficiency of an HCSC, a detailed balance model for particles, energy fluxes, and entropy 

generation are considered. The output current (Iout) accounted for the difference between absorbed and emitted 

photon fluxes. 

 out abs emI I I    (1) 
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Where, 
CV

 is the difference between energy levels in the conduction and valance bands. Th is the hot carrier 

temperature and Icell is the emitted photon flux from the cell that is calculated from Plank’s law [1].  
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Where h represents the Planck constant, c is the velocity of light; KB is the Boltzmann constant and 
CV

  is the 

chemical potential. Energy flux extracted from the cell is the balance of the absorbed energy, Uabs, and dissipated 

energy created by emitted energy, Uem, and thermalized energy, Uth, respectively [14,15]. 
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In equation (6) d represents the thickness of the absorber and its value is assumed to be 500 nm [15], τth is the 

thermalization time,
RT

T  is the room temperature and n is the carrier density that accounted from equation (7). 
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In equation (7), m* is the effective mass of electrons in the conduction band and the valance band. For 

numerical simulation m* is 0.01m0 (m0 is the rest mass of an electron). The energy extracted from the absorber by 



one carrier is equal to the ratio of ∆𝜀 and Iout/q, which is the difference between the ESC levels for electrons and 

holes (  ). 

   /  /  outU I q     (8) 

For extracting hot carriers in Th to electrodes at temperature TRT, entropy should be generated [1, 15], and the output 

power could be calculated from: 

  
RToutp U T S      (9) 

In equation (9),
RT

T S  can be written as: 

   / /
RT RT hout cvT S U I q T T    (10) 

And finally, the conversion efficiency ( ) written as: 
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2.2. Effect of thermalization on efficiency 

Fig. 2 shows the efficiency contrasted with the bandgap of the absorber in various thermalization times. The S-Q 

model for a single junction is shown in the black curve. The maximum efficiency of 40.7% is achievable for the 

material with a bandgap of 1.12 eV. Increasing the thermalization time to 1 ns shifts the maximum efficiency to the 

bandgap of 0.55 eV and the resultant efficiency is about 70% for this condition. Also, with a thermalization time of 

100 ns, the maximum efficiency reaches 82% and the corresponding bandgap will be 0.5 eV. 

 

Fig. 2. Efficiency versus bandgap in various thermalization times 

 



Fig. 3 (a) shows efficiency versus bandgap in various thermalization temperatures (TH). When TH is equal to 600 K, 

the efficiency reaches the upper than the S-Q limit (48%) and when TH is 3600 K the efficiency reaches the maximum 

value. Fig. 3 (b) Shows that when TH = 3500K, the efficiency is constant, and increasing the TH more than this point 

does not affect the efficiency of the cell. 

  

(a) (b) 

Fig. 3. Efficiency versus (a) bandgap in different thermalization temperatures (b) thermalization temperatures 

 

3. Multilevel Energy Selective Contacts (ESCs) 

 

Fig. 1 shows multilevel Energy Selective Contacts for extracting hot carriers from different energy levels in 

conduction and valance bands. The width of ESCs is narrow to reduce the entropy generation in extracting hot carrier 

to cold electrodes [13]. For evaluating the performance of this type of hot carrier solar cells the detailed balance 

model is generalized and the output current density is written as:  
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In equation (12) n is the number of implanted ESCs and N is the particle flux and comes from plank’s law [1]. 
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The chemical potential of each ESC according to the difference between ESCs can be written as: 

   ( 1) ( 1)
l fc fv

i i                                                       (14) 
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δε is the interval of ESCs in the valance and conduction bands. The output voltage from each ESC can be written as 

a function of the location of ESCs in valance and conduction bands: 
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Where, Tc and Ts are the cell and sun temperatures, respectively. The total output power is the sum of generated 

powers from each ESCs and power conversion efficiency is the ratio of output power to input power. The input 

power can be calculated from 4
in sp T , where is the Stephan-Boltzmann constant and is equal to

8 2 45.67 10   . .W m k
   [16]. 
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For evaluating the effect of the location of each ESC on the efficiency of the cell, the number of ESCs is considered 

as one, two, three, four, five, and ten. So the efficiency variations were plotted versus the location of ESCs. In the 

case of one ESC, the efficiency cannot increase and becomes lower than the S-Q limit (40.7%). This is due to that ESC 

is implanted in the edge of conduction and valance bands then swept to the upper energies in these bands. The 

location of ESC denotes the new bandgap for the absorber and new output voltage in sweeping is obtained while 

the current is decreased. For each level, while the output voltage is increased, the output current of the absorber 

decreases, and finally, the reduction of current prominent and the output power decreases. When we use one ESC 

(since a new bandgap for absorber is created) the S-Q limit reaches to lower value of bandgap as shown in Fig. 4 (a). 

In other words, when we use a low bandgap absorber, we expect that efficiency should be low, while by using ESC, 

efficiency reaches a maximum limit of S-Q. Another result from this achievement is removing the restriction for 

choosing the appropriate material to reach the high efficient solar cells. 



  

(a) (b) 

Fig. 4. Efficiency versus the location of ESC in (a) one ESC and (b) two ESCs  

 

Fig. 4 (b) shows the efficiency contour for two ESCs that are implanted symmetrically on the conduction and valance 

band. The dark region for materials with a bandgap of 0.7 eV to 0.9 eV and ESCs interval at 0.5 eV shows that the 

efficiency breaks the S-Q limit and is increased to 55%. In this case, the first ESC is implanted in the edge of the 

conduction and valance band and the second ESC with an interval of δε is upper than the first one and the extracted 

voltage from the absorber is more than one case. Fig. 5 shows efficiency contour plots for three, four, five, and ten 

ESCs which are implanted symmetrically on the conduction and valance bands. In Fig. 5 (a) the dark region indicates 

that maximum efficiency is about 63% for materials with band gaps between 0.4 eV to 0.8 eV and location of ESCs 

around 0.4 eV.  

  

(a) (b) 



  

(c) (d) 

Fig. 5. Efficiency versus the location of ESCs in (a) three cases (b) four cases (c) five cases (d) ten cases 

 

To achieve higher efficiency, we use ten ESCs implanted on the conduction and valance bands symmetrically with δε 

intervals. Fig. 5 (d) shows that for materials with a bandgap between 0 eV to 0.5 eV and interval of ESCs around 

0.2eV, the maximum efficiency is obtained as 75%. In this way, we decrease the thermalization of hot carriers by 

extracting them using the two, three, four, five, and ten ESCs. Using this method, the maximum efficiency is 

achievable for low bandgap materials too. In typical semiconductors, low bandgap materials create low output 

voltage with high output current and we need to have an optimum bandgap to reach the maximum efficiencies. This 

condition causes a restriction for choosing the best material for achieving high efficiencies. In our proposed model 

we can use zero bandgap materials (such as graphene) with ten ESCs while we have high power conversion efficiency. 

 
 

(a) (b) 

Fig. 6. Efficiency versus Intervals ESCs in one, two, three, four, five, and ten ESCs implanted on the conduction and valance 

band symmetrically (a) different material (b) typical material (Si) 

 

 



Fig. 6 (a) shows the effect of the number of ESCs on the efficiency which promoted to 75% using ten ESCs. In this 

case, we use one, two, three, four, five, and ten ESCs on the conduction and valance bands. The efficiency increases 

in all cases except one ESC case. This is, more likely, due to sweeping the location of ESC in upper energies which 

increases the effective bandgap of the material. The larger bandgap has a larger open-circuit voltage with a lower 

output current, and the current degrades the efficiency. When the number of ESCs is more than one, the S-Q limit is 

broken and the efficiency will reach 55%, 63%, 67%, 70%, and 75% for two, three, four, five, and ten ESCs 

respectively.  

Fig. 6 (b) shows the efficiency versus the location of ESCs in a typical material like Si that indicates if we use more 

than one ESC we can achieve high efficiency and breaks the Shockley-Queiser limit for single-junction solar cells 

based on Si. In this type of solar cell, if ten ESCs are utilized then the efficiency increases and reach 60%. 

4. Conclusions 

In this study, ultra-high efficiency solar cells using minimizing the thermalization energy were demonstrated. To this 

end, multiple Energy Selective Contacts were used to allow the rapid collection of the hot carriers to contacts. Due 

to the fast carrier extraction process, we illustrated that the conversion efficiency of single-junction solar cells can 

be increased. We calculated the precise position of ESCs in the energy domain. The simulated results of this study 

showed that the efficiency of Si-based solar cells can be increased from 40.7% in classical case to 60% with applying 

ESCs by using ten ESCs. 
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