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Abstract.  We have studied the influence of the quantum-dot (QD) 
width and the quantum-dot conduction band (QD-CB) offset on the 
efficiency of quantum-dot intermediate band solar cells 
(QD-IBSCs). Simulation results demonstrate that with increasing 
QD-CB offset and decreasing QD width, the maximum efficiency 
is achieved. 
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1. Introduction

Quantum-dot intermediate band solar cells (QD-IBSCs) are 
the newest type of solar cells, which make it possible to attain 
the maximum efficiency. Realisation of low-cost photovoltaic 
power sources is subject to development of low cost and effi-
cient solar cells. The performance of intermediate band solar 
cells (IBSCs) depends on the electrical and optical properties 
of the intermediate band (IB) material. These properties are 
characterised by an  electronic band  that  is  located between 
the  conduction  band  (CB)  and  the  valence  band  (VB)  of  a 
conventional  semiconductor  bandgap.  The  IBSC  has  been 
proposed by using QD technology [1 – 3]. 

The structure of quantum dots plays an important role to 
achieve  maximum  efficiency.  The  energy  conversion  effi-
ciency is a fundamental parameter in photovoltaic solar cell 
technology [4]. It is defined as 

/FV J POC SC inh = ,  (1)

where F is the fill factor; VOC is the open circuit voltage; JSC is 
the short-circuit current density; and Pin is the incident power 
per unit area [4]. 

The ideal performance of a solar cell is realised, when the 
bandgaps  separating  the  intermediate  bands  (IBs)  from  the 
CB and from the VB, lie near 1.24eV and 0.71eV, respectively 
[5, 6] (Fig. 1). These gaps can be located in the opposite way, 

i.e., the IB could be closer to the VB than to the CB. On the 
other hand, the IB must be partially filled with electrons so 
that  there  exist  empty  states  for  receiving  the  electrons 
pumped from the VB and electrons-filled states to provide for 
the electrons pumped to the CB [7]. 

A semiconductor with a single bandgap absorbs only pho-
tons with energies above the bandgap threshold, Eg. Therefore, 
only  these  photons  contribute  into  the  produced photocur-
rent. However, when the IB  is half-filled,  two photons with 
energies below the bandgap threshold, Eg, can pump an elec-
tron from the VB to the CB. The first photon with an energy 
greater than El will pump an electron from the VB to the IB 
that has empty states for receiving the electron and the other 
photon with an energy greater than Eh will pump an electron 
from the IB having electron-filled states to the CB [8]. In this 
method, photocurrent is greater than the current that can be 
produced by semiconductors with a single bandgap [5 – 7]. In 
the  radiative  limit,  the  IBSC  shows  a  limiting  efficiency  of 
63.2  % [5, 6], which is significantly higher than the single gap 
solar cell efficiency (40.7 %) and two-junction solar cell effi-
ciency (55.4 %), operating in the radiative limit. However, in 
this paper we study the relationship between such QD param-
eters as CB offset, QD width and QD barrier width in order 
to achieve the maximum efficiency. 

2. Analysis of a single QD and coupled QDs 
and their relationship with the IB 

In order to study the efficiency of QD-IBSCs, two cases are 
investigated: 

(i) QDs are used as individual objects and are not coupled 
with other dots; 

(ii) QDs are coupled with other dots so that the overlap 
between the QD wave functions forms a miniband which acts 
as a proper intermediate band [3]. 
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Figure 1. IBSCs with an optimal bandgap.
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The wave  functions of  a  single QD and an  ensemble of 
coupled QDs are shown in Fig. 3. 

In our simulations use is made of the barrier/QD material, 
GaAs0.98Sb0.02/InAs0.49P0.51,  with  an  AlAs  substrate.  The 
bandgap of the barrier material is 1.48 eV and that of the QD 
is  0.91  eV. The  effective mass of  the  electron  in  the barrier 
material is 0.066m0 and in the QD is 0.039m0 (m0 is the elec-
tron rest mass). In this material system the energy difference 
between the conduction band energies of GaAs0.98Sb0.02 and 
InAs0.49P0.51 is ~0.57 eV [9]. 

Calculation of the QD conduction band energy using an 
effective mass approach. The  conduction band energy of an 
idealised version of a three-dimensional silicon QD superlat-
tice with a regularly spaced array of equally sized cubic dots 
in a dielectric matrix (Fig. 3) can be calculated using an effec-
tive mass approach [10]. In this approach the motion of a car-
rier  in  the material  system  is  defined  by  the  effective mass 
equation [10]

( )
( ) ( ) ( ) 0

m r
r E V r r

2
1
*

2' d dj j+ - =< 6F @ ,  (2)

where m*(r) is the effective mass tensor; E is the total energy; 
j(r) is the envelope of the electron wave function; and V(r) is 
the microscopic potential seen by the electron, which is con-
sidered the sum of three independent periodic functions: 

( ) ( ) ( ) ( )V r V r V r V rx y z= + + .  (3)

Consequently,  for  the  case  of  isotropic  effective  mass  the 
three-dimensional  effective  mass  equation  is  separable  and 
reduced to three one-dimensional quantum-well superlattice 
equations  [11].  As  a  result,  the  solution  to  Eqn  (2)  can  be 
expressed in terms of solutions of the simple one-dimensional 
Kronig – Penny model [11]. In the case of the isotropic effec-
tive mass the corresponding equations are defined as 
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Figure 2. Single and coupled QDs.
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Figure 3. QD superlattice [10] with a regularly spaced array of equally 
sized cubic dots in a dielectric matrix. 
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Figure 4. Energy dispersion diagram vs. electron wave functions at (a) 
a barrier width of 6 nm and IB width of 0 eV, (b) barrier width of 3 nm 
and IB width of 30 meV and (c) barrier width of 2 nm and IB width of 
90 meV. In all the cases the QD width is 4 nm. 
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In  Eqns  (4)  and  (5)  | | /k m E V2 *B
Bi i i 0 '= - ; m*

Bi  is  the 
effective mass in the dielectric matrix;  | | /k m E2 *D

Di i i '= ; m*
Di 

is the effective mass of the QD; V0 is the bias voltage; qi is the 
wave vector component; and  i  is  the coordinate x, y, z  [11]. 
The energy dispersion relation is then obtained from 

E(q) = Ex(q) + Ey(q) + Ez(q).  (6)

Using the Kronig – Penny model [11, 12] we have obtained 
the energy dispersion diagrams – dependences of energy on 
the electron wave vector (Fig. 4) – for three values of the bar-
rier widths at a fixed width of the QD (4 nm).

In this case, the IB is characterised by the first band (elec-
tron  wave  function).  There  is  no  overlap  between  the  QD 
wave  functions  and,  therefore,  no  broadening  in  the  IB 
(Fig. 4a). The smallest distance between the QDs leads to the 
fact that the energy bands or electron wave functions become 
coupled with each other and a miniband is formed (Figs 4b 
and c). 

The width of the IB or miniband decreases with increasing 
barrier width (Fig. 5).

3. Relationship between the QD-CB offset 
and the QD width

To achieve the maximum efficiency, we investigate in this sec-
tion the relationship between the QD-CB offset and the width 
of the QDs. 

Design rules for a QD-IBSC. Design rules for selecting the 
QD-IBSC material triad (QD/barrier/substrate) are as follows 
[5, 9, 13]: 

– the barrier material must have a bandgap in the range 
from 1.43 eV to 2.56 eV; 

– the valence band offset must be negligibly small; 
– the material with a direct bandgap must be used because 

it has a larger absorption coefficient; 
– the offset between the CB edges (ECB) must be greater 

than 0.48ECB – 0.22; 
– the average distance between self-assembled QDs should 

be such that the overlap between the IB, CB and VB is prohib-
ited. 

Examination of different materials with different bandgaps. 
In  the  following,  we  study  three  different  materials  in  the 
design  of  the  QD-IBSCs:  InAsP/GaAsSb/AlAs,  GaInAs/
GaAsSb/AlAs and AlInAs/AlGaAs/AlAs. 

In InAsP/GaAsSb/AlAs, GaAsxSb1 – x with the mole frac-
tion x = 0.98 is used as the barrier material. The value of the 
bandgap  at  this  specific  mole  fraction  of  this  material  is 
1.48  eV  [11].  The  QD material  is  InAs1 – xPx  with  different 
mole fractions. The value of the bandgap of the QD material 
is [14] 

Eg = 0.36 + 0.891x + 0.101x2.  (7)

The dependence of the bandgap and the QD-CB offset on the 
mole fraction is shown in Fig. 6. 

The  calculated  efficiencies  at  different  mole  fractions, 
QD-CB offsets, QD widths and barrier widths are shown in 
Table 1. 

One can see  that with  increasing mole  fraction,  the effi-
ciency and the CB offset decrease. Therefore, the maximum 
efficiency is achieved for the QD and barrier material widths 
of 3.8 and 2.5 nm, respectively.

In GaInAs/GaAsSb/AlAs, GaAsхSb1 – х also has the mole 
fraction x = 0.98 and the value of the bandgap at this specific 
mole fraction of this material is also 1.48 eV. The QD mate-
rial is GaIn1 – хAsх with different mole fractions. The value of 
the bandgap of the QD material is [14] 

Table 1. Efficiency at different QD parameters for InAsP/GaAsSb/AlAs.

Mole 
fraction

CB offset/eV QD width/nm
Barrier 
width/nm

Efficiency ( %)

0.45 0.7 3.8 2 51.50

0.45 0.7 3.8 2.5 52.34

0.5 0.65 3.9 2 50.99

0.5 0.65 3.9 2.5 51.73

0.55 0.6 3.9 2 49.97

0.55 0.6 3.9 2.5 50.58

0.6 0.55 4 2.5 49.47

0.7 0.45 4.2 2.5 46.51
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Figure 5. Dependence of the IB (miniband) width on the barrier layer 
size.
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Figure 6. Bandgap and QD-CB offset  vs. mole  fraction x for  InAsP/
GaAsSb/AlAs. 
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Eg = 0.36 + 1.064x.  (8)

The dependence of the bandgap and the QD-CB offset on the 
mole fraction is shown in Fig. 7. 

Table 2 shows that the CB offset decreases with increasing 
x; in addition, with decreasing CB offset and increasing QD 
width, the efficiency decreases. As a result, the maximum effi-
ciency is obtained for larger values of the CB offset and small 
QD width. 

In AlInAs/AlGaAs/AlAs, AlхGa1 – хAs with the mole frac-
tion x = 0.4 is used as the barrier material. The value of the 
bandgap of the material is [14] 

Eg = 1.424 + 1.247x,  (9)

i.e., Eg = 1.92 eV at x = 0.4. The QD material in this system is 
AlхIn1 – хAs. The bandgap for this material system is 

Eg = 0.36 + 2.012x + 0.698x2.  (10)

The dependence of the bandgap and the QD-CB offset on x is 
shown in Fig. 8. 

It follows from Table 3 that the CB offset decreases with 
increasing mole fraction. The maximum efficiency is achieved 
at a CB offset of 0.9 eV and a QD width of 3.6 nm. 

4. Conclusions

The relationship between the QD-CB offset and the QD width 
is  important  in  the  design  of QD-IBSCs. We  have  demon-
strated that to achieve the maximum efficiency, the QD-CB 
offset  must  be  increased,  whereas  the  QD  width  must  be 
decreased and vice versa. Although, an increase in the CB off-
set increases the efficiency, the maximum efficiency is attained 
at the QD-CB offset when the energy transitions are located 
optimally with respect to the optimal width of QDs. Finally, 
the relationship between the QD-CB offset and the QD width 
is important in the optimal design of the barrier material and 
the QD material. 
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Table 3. Efficiency at different QD parameters for AlInAs/AlGaAs/AlAs.

Mole 
fraction

CB offset/eV QD width/nm
Barrier 
width/nm

Efficiency ( %)

0.3 0.9 3.6 2.5 55.98

0.35 0.78 3.7 2.5 52.14

0.4 0.65 3.9 2.5 47.58

0.45 0.52 4.2 2.5 43.21

0.5 0.38 4.8 2.5 38.81

Table 2. Efficiency at different QD parameters for GaInAs/GaAsSb/AlAs.

Mole 
fraction

CB offset/eV QD width/nm
Barrier 
width/nm

Efficiency ( %)

0.35 0.75  3.4  2.5 51.92

0.4 0.7  3.9  2.5 52.30

0.5 0.59  4.2  2.5 50.60

0.6 0.49  4.3  2.5 47.87

0.7 0.38  4.5  2.5 44.54
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Figure 7. Bandgap and QD-CB offset vs. mole fraction x for GaInAs/
GaAsSb/AlAs. 
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Figure 8. Bandgap and QD-CB offset vs. mole fraction x for AlInAs/
AlGaAs/AlAs.


