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ABSTRACT: 

The purpose of this study is to determine the optimum location for intermediate band in the middle of band gap of an 

ideal solar cell for maximum performance. By changing the location of the intermediate band, output current and 

therefore performance can be changed. Choosing the best location in terms of solar cell energy gap and how to change 

the performance by means of the location of intermediate band has the important role in the energy band gap 

engineering. This matter in the known methods of the intermediate bands realization such as quantum well and 

quantum dots can be used for selecting the type of semiconductor in quantum well or quantum dot and also for 

selecting dimension of quantum dot or quantum well. Conclusion of this paper is by increasing energy gap, the 

optimal location of intermediate band for cells with one intermediate band, will be closer to the middle of the energy 

gap. 

 

KEYWORDS: Band Position, Efficiency, Detailed Balance Theory, Maximum Efficiency. 

  

1.  INTRODUCTION 

One of the major ways to improve the efficiency of 

solar cells is the intermediate bands. Add one or more 

intermediate in the band gap energy of the 

semiconductor solar cell substrate, in certain 

circumstances, can enhance its performance. By 

inserting one intermediate band in energy gap, three 

important transitions can be realize for absorption of a 

photon: (1)from valance band to intermediate band 

(2)from valance band to conduction band and (3)from 

intermediate band to conduction band. Several 

theoretical calculations carried out in this field 

represent an increase in the efficiency of solar cells 

with one intermediate band [1-5]. In fact, the 

intermediate band attracts less energetic photons and 

thus increases the efficiency of solar cells. For 

example, using the theory of detailed balance [1, 6], in 

the presence of an intermediate band, solar cell 

performance can be improve from 40% [1] to 60% [2]. 

This significant rise has attracted the attention of many 

researchers. One of the major challenges of this 

research is the realization of the intermediate band. In 

practice, due to the lack of fulfillment of all the 

requirements, there is no corresponding increase in 

efficiency [7-8]. Some ways to create intermediate 

band gap energy of the semiconductor solar cell 

substrate include creating special doping with 

appropriate energy balance [9-11], quantum wells [12-

14], quantum dots [15-18] and highly mismatching 

alloys [19-21]. However, creation of energy levels due 

to the special doping with appropriate energy balance 

because of low level of concentration, don’t have the 

characteristics of a band and despite allowing the 

absorption of low energy photons do not guarantee the 

dramatic increase in performance. Using quantum dots 

is preferable to quantum wells because in addition to 

the isotropic nature of the incoming light, the 

quantization of energy levels in quantum dots is in 

three dimensions, but in quantum wells is in one 

dimension. Highly mismatching alloys, with 

convenient features that make the intermediate band, 

their presence does not cause a dramatic increase in 

performance. As a result, it appears that the proposed 

methods achieve intermediate band using quantum dots 

can be a further increase in performance. Regardless of 

the creation method of the intermediate band, by 

expression the detailed balance theory components, our 

focus is on the optimal location of intermediate band 

gap energy in solar cells. Finding the optimal location 

of the intermediate band have the appropriate 

functional results in solar cell band gap engineering in 

each of realization methods of intermediate band. 
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2.  THEORETICAL BACKGROUND 

According to the principle of detailed balance for a 

solar cell with one intermediate band is assumed: (1) 

Carrier transport mechanism between energy bands 

only radiation; (2) Carrier mobility is infinite; (3) No 

carrier is not outside, not inside the intermediate of the 

band; (4) Each photon carries the energy to participate 

in the transfer of energy between the bands to be 

absorbed; (5) Exit the radiation of recombination 

mechanism from the place of light entrance is possible; 

(6) We shall assume that for every range of energies 

only one of the three absorption lengths is important; 

(7) Cell light is isotropic. Simple schema model that is 

used for intermediate band solar cell is shown in Fig. 1. 
 

 
Fig. 1. A simplified view of the pattern of the energy 

bands in intermediate band solar cell. 

 

To facilitate the absorption of lower energy 

photons, in this pattern that one intermediate band in 

the energy gap is present, it is assumed that the main 

gap is divided into two smaller gap, and valence band 

is completely full, conduction band is completely 

empty and intermediate band is half full. Also it is 

assumed that in addition to the absorption of a photon 

between energy bands, on the principle of detailed 

balance, the photon emission of radiation 

recombination exist. 

Absorption and emission, respectively, by diode 

and current source, shown in Fig. 2, has been modeling. 

 

 
Fig. 2. Equivalent circuit model of solar cell by 

considering the absorption and emission between 

energy bands. 

In this model it is assumed that: (a) the sun 

radiation is like the black-body radiation at a 

temperature of 6000K; (b) Photon radiation from the 

recombination radiation in cells is like the black-body 

radiation at ambient temperature; (c) The density of 

photons emitted from the black body are obtained from 

the following equation: 
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(d) According to the principle of detailed balance, the 

density of photons emitted by the light of the solar cell 

can be obtained from the following equation, which µ 

is the chemical potential of the irradiated cells: 
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    Current-voltage relationship for solar cells using the 

principle of detailed balance is: 
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     In which fC=1, fS=X.sin2θsun=X × 2.1646×10-5, 

1≤X≤ (sin2θsun)-1=46050 is light concentration factor 

and θsun=0.26o is the angle of the sun from the cell; (e) 

given the need outflow failure carrying of intermediate 

band and not entering into its carrier, the following 

equation holds: 
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     This relation in other word is the current law in 

intermediate band node. 

In degeneration conditions ( E-µ>>kBT ) the 

following approximation can be used: 
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As a result, components of relations (3) and (4) can 

be simplified as follows: 
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By replacing (5) in (3) and (6) the reason of using 

the diode model for radiation can be explained. 

 

 

3.  CALCULATION METHOD 

By attention to Fig. 1 the following relations 

between chemical potentials and energy difference 

between difference bands can be obtained: 
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 Therefore using light concentration factors : 1, 10, 

100, 1000, 10000 and 46200 and changing energy gap 

from 0.5 to 5 electron volt and varying coefficient 

n=µIV/µCV from 0.5 to 0.9, maximum output power 

variation curves can be obtained. Because of symmetry, 

the results for changing n from 0.1 to 0.5 are identical 

to 0.5 to 0.9. In other words two optimum places exist 

for intermediate band, one in upper part of energy gap 

and the other in lower part of energy gap, and these two 

places are symmetry with respect to middle of energy 

gap. The results in the Fig.s of 3 to 7 can be seen.  

 

 Fig. 3. Variation of optimum place for intermediate 

band with respect to energy gap variation in different 

light concentration coefficients. 

 

As be seen in Fig. 3, with increasing energy gap, the 

optimal place for intermediate band, moves to the 

center of the energy gap and depending on how the 

curve changes, it can be expected that the best place for 

intermediate band for infinite energy gap is the middle 

of energy gap. 

For a closer look at the changes in the vicinity of 

the optimum performance shown in Fig. 3, we review 

the results in Fig. 4. 

 

 Fig. 4. Variation of efficiency with respect to variation 

of intermediate band place in different energy gap. 

 

As be shown in Fig. 4, for each value of the energy 

gap, by changing the location of the intermediate band 

from the middle of gap to the conduction band, at first 

the efficiency increase and after reaching its maximum, 

which is the optimum place, the downside of it. 

Another thing that can be seen in the above Fig. is by 

increasing the energy gap; the gradient of the efficiency 

becomes higher that means in higher energy gap by 

changing the place of intermediate band the efficiency 

varies faster than lower energy gap. By increasing the 

light concentration coefficient doesn't have additional 

result and the results are the same as low light 

concentration coefficient. For example for X=10000 

and X=46200 the results are shown in Fig.s 5 and 6. 

 

 
Fig. 5. Variation of efficiency with respect to variation 

of intermediate band place in different energy gap for 

X=10000. 
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Fig. 6. Variation of efficiency with respect to variation 

of intermediate band place in different energy gap for 

X=46200. 

 

 

4.  RESULTS AND DISCUSSION 

The results have the following implications: 

1) There are two locations to ensure maximum 

performance is optimized for intermediate 

band. 

2) The optimal location is near the center of the 

band gap energy. 

3) The changes in maximum power output and 

consequently for maximum performance out 

of the optimized position for intermediate 

band is extremely high. 

Results of the simulation studies show that the place 

of intermediate band has the main effect on achieving 

to maximum efficiency. Therefore changing the 

intermediate band from the optimum location can 

dramatically reduce the performance. Another main 

result is in the case of solar cells with one intermediate 

band, by increasing the energy gap the optimum 

location of intermediate band closes to the middle of 

energy gap. 
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