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Abstract- Transition metals, especially vanadium plays a central role in intermediate band solar cells. Because V substituted 
indium in β-In2S3 matrix produces intermediate-band within the band gap of the β-In2S3. If the intermediate-band (IB) is 
half-filled, narrow and isolated from the valence and conduction band, then irradiative recombination is inhibited, and the 
efficiency of the solar cell is increased. The position of the IB in In7VS12 and In5.4VS9.6 is observed to be shifted when the 
modified Becke-Johnson (mBJ) potential is used. The IB width drops to about 0.22 eV for In7VS12 and rises to 0.06 eV in 
In5.4VS9.6 as compared to PBE-GGA calculations. The TB-mBJ calculated band structure along the direction of the BZ for 
In7VS12andIn5.4VS9.6 alloys clearly shows improvement in the position and width of the IB. 
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I. INTRODUCTION 
 
The fundamental concept in the photovoltaic material 
is the current generation from a semiconductor, due to 
absorption of visible electromagnetic radiation with 
photon energy above the band gap of the 
semiconductor. Photovoltaic energy conversion in 
solar cells consists of two essential steps. First, 
absorption of light and then the generation of an 
electron hole (exciton) pair. The energy supply for a 
solar cell is photons coming from the sun; however a 
large percentage of this energy is not being utilized for 
electricity conversion. The main limitations of the 
photovoltaic conversion device are that low energy 
photons cannot excite charge carriers to the 
conduction band, therefore do not contribute to the 
device’s current, and high energy photons are not 
efficiently used due to a poor match of the energy gap. 
However, if the intermediate-band, (IB) is introduced 
into the energy gap of a conventional solar cell, then 
low energy photons can be used to promote charge 
carriers in a stepwise manner to the conduction band 
[1]. 
When light in IB material is absorbed, it has the 
potential to cause electronic transitions from the 
valence band to the IB, from the IB to the conduction 
band, and from the VB to the CB, as shown in Fig. 1. 
These transitions are labeled as generation processes, 
the inverse is called recombination processes. Hence, 
in this way the current is enhanced when compared 
with that of a single energy gap solar cell, because low 
energyphotons can now contribute to the current 
generation. In an ideal device, in order to make photon 
absorption processes possible, the IB needs to be 
half-filled with electrons since both electrons and 
holes are required to supply electrons to the CB as well 
as accepting them from the VB. Because the energy 
bandwidth of the IB has to be as narrow as possible 
[2]. In order that the recombination of the charge 
carriers should be completely radiative from one side, 

which means emitting a photon at a time. These 
relations hv ↔ e + h , hv ↔ e + h ,	 and 
hv ↔ e + h should be reversible. This ensures high 
efficiency and that energy overlaps in optical 
absorption do not occur. Thus, out of the three optical 
absorptions one should be zero. That is only one 
transitions is likely at a given time, under the 
assumption that E < E, E < E < E ,	and E < E <
E .  Where the energies EL, EH and EG are natural 
energies that described the intervals in which the 
optical absorption differs from zero. For example, the 
absorption of a photon with energy (E) between 
EH<E<EG generates an electron in the IB and a hole in 
the VB. Thus, the reverse process also being 
exclusively radiative, so that when these electrons and 
holes recombine, they do so by emitting one photon, 
[2]. This can only be achieved if the IB is properly 
position within the host band gap. 
 
The Fermi level is clamped to its equilibrium position 
in order to prevent the IB from becoming fully filled or 
emptied of electrons which would change the 
absorption properties of the material as a function of 
biasing. Therefore, all the processes involved in the 
photon absorption within the intermediate band 
material can be interpreted based on the position of the 
IB.  
Transition metals substituted indiums in the β-In2S3 
were reported to produce intermediate band within the 
forbidden gap of the semiconductor. The most used 
transition metals are vanadium [3-5] titanium [6], iron 
[7], and niobium [8]. However, the β-In2S3:V is among 
those IB materials that have been predicted 
theoretically and synthesized and it has demonstrated 
half-filled IB, [9]. In this paper, we have shown that 
the modified Trans-Blaha Becke-Johnson (TB-mBJ) 
exchange potential [10, 11] can be used to tune the 
position and width of the IB within the band gap of 
β-In2S3. The absorption of low energy photons would 
be increased in this way, [12]. 
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Fig.1. Schematic diagram of an IBSC showing the photon 

absorption processes that constitute the basis of its operation. 
 
II. DETAILS OF CALCULATIONS 
 
Supercells are modeled from the optimized structure 
of the parent compound. The primitive vectors are 
derived from the vectors of tetragonal body centered 
β-In2S3 crystal by the following relations a′ =
(a + b + c) 2,⁄ b′ = (a + b − c) 2,⁄ c ′ = (b − a).	 In 
order to investigate intermediate band formation; we 
have first constructed 2x1x1 supercells of 80 atoms 
per unit cell, followed by V substitution of indium 
atoms at selected sites in two stages. The impurity 
concentration used is 12.5%, and 15.625% for 
vanadium atoms. Therefore, the vanadium atom act as 
an acceptor impurity, because it’s possessed fewer 
valence electrons than the indium atom, and hence we 
have p-type alloys. The resulting structures give a 
centered lattice of triclinic P1 symmetry. The 
calculations are carried out for the primitive unit cells 
of the modelled alloys using the TB-mBJ exchange 
potential as implemented in WIEN2K code [13], 
couple with the PBE-GGA energy functional to 
investigate intermediate band formation. The 
Muffin-tin radii (RMT) used for the (In) = 2.43 a.u., 
RMT (S) = 1.99 a.u., RMT (V) = 2.0 a.u. for all the 
alloys. 
 
III. RESULTS AND DISCUSSION 
 
The optimized structure of the primitive unit cell of 
β-In2S3 is used to model the crystal structures of the V 
substituted alloys for InxVzSy (x=7, 5.4 y=12, 9.6 z=1, 
1) which are also optimized. The equilibrium volume, 
Vo equilibrium total energy Eo, bulk modulus Bo and 
pressure derivativeB′  are calculated as shown in Fig. 
2. After the substitution of indium atoms with the 
vanadium the unit cell volume decreases with 
increasing the transition metals concentration. This 
might be connected to the average V-S distances, 
which is found to be longer than In-S distances in the 
host compound as can be expected since the V is 
smaller than the In atom. Furthermore, the bulk 
modulus (B) increases with a decrease in volume, 
which agrees with the well-known relationship 

between B and the lattice constant, that is BαV-1, 
where V is volume of the unit cell. 

 
Fig.2. The optimized volume curves of total energy versus unit 

cell volume for InxVzSy (x= 7, 5.4 y=12, 9.6 z=1, 1). 
 
In Fig. 3, the graphs for both the bulk moduli (B) and 
pressure derivative (BP) varies linearly with dopant 
concentration and high values of B and BP are 
observed for 15.625% vanadium concentration. In Fig. 
4, the In7VS12, and In5.4VS9.6 for the PBE-GGA, 
calculations and In5.4VS9.6 for mBJ overlap the bar of 
an optimal IB solar cell with reported efficiency limit 
of 63.2 % [14]. 
 

 
Fig. 3. Variation of bulk modulus and pressure derivative with 
vanadium concentration for InxVzSy (x= 7, 5.4 y=12, 9.6 z=1, 1). 
 
However, in the case of the mBJ calculations, there is a 
shift of about 0.04 eV as compared to the 
corresponding GGA calculations for In5.4VS9.6. 
Furthermore, all the modelled alloys satisfy the 
relations E < E, E < E < E and E < E <
E .Thus, it can be deduced from Fig. 4 that radiative 
recombination for these materials is possible, because 
the absorption coefficients do not overlap in energy, 
which means for a given energy only one of the 
transitions is possible. Moreover, non-radiative 
Shockley Read Hall similar to organic IB material, 
[15], will significantly be inhibited. The maximum 
difference observed for the condition α ≠
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0,		 for E < E  comes from In7VS12, and In5.4VS9.6 
which is about 0.42 eV and 0.45 eV respectively [12]. 
Also these alloys demonstrate isolated half-filled IB, 
high sub-band gap absorption coefficient [12]. Our 
calculations show possible electron generation in the 
IB and hole in the VB, and conversely generation of 
electron in the CB and a hole in the IB, if the photon 
absorption is within the energy range of EH< E < EG. 
Our results show that for any energy less than 1.64 eV, 
this process is possible. 

 
Fig.4. IB width associated with VB-IB transition (EH) and 

IB-CB transition (EL) for InxVzSy alloys (x= 7, 5.4 y=12, 9.6 z=1, 
1). The blue bar represents optimal IB material. 

 
The formation of IB is predominantly due to the 
interaction between the d-electrons of the impurity 
atoms and the s or p electrons of the host atoms. The 
semi-local Becke-Johnson (BJ) exchange potential 
and its modified form proposed by Tran and Blaha 
(TB), [11] have attracted a lot of interest because of 
the surprisingly accurate band gaps it can deliver for 
many semiconductors. We have investigated the 
performance of the TB-mBJ potential for the 
description of electronic band structures of these 
alloys. By comparing the DOS of PBE-GGA 
calculations reported by Mohammed et. al, (2016) and 
mBJ potential results in Fig. 5, it can be observed that 
the IB width drops to about 0.22 eV for In7VS12 and 
rises to 0.06 eV in In5.4VS9.6.Also, the d-states are seen 
to be more localized, leading to a clear separation 
between the IB and the CB, which would help to avoid 
rapid recombination and/or a hole-trap formation [16]. 

 
Fig.5. Total and partial Density of State of (a) In7VS12 and (b) 

In5.4VS9.6 calculated using mBJ potential. 

In the isolated band of Fig. 6, the character of two state 
d-eg and d-t2g show almost equal contribution, which is 
consistent with the DOS in Fig. 5(a and b). Except for 
some states high-up in the conduction band, there is a 
little difference in the overall contribution of these 
orbitals. Also, the valence d orbitals of the V is split 
into two manifolds, a lower one with two levels and an 
upper one with three levels, that is splitting of eg and 
t2g character respectively. Moreover, from the PDOS 
and TDOS of the InxVzSy alloys (x=7, 5.4 y=12, 9.6 
z=1, 1), it is clearly seen that the intermediate band is 
mainly formed due to the V substitution, whose 
d-orbital (d-eg and d-t2g) electrons make more 
contributions than s, p d-eg and d-t2g orbitals of the 
indium atom. The relevant issue here is the location of 
the partially filled IB with respect to the VB and CB. 
 

 
Fig.6. Electronic band structure of (left) In7VS12 and (right) 
In5.4VS9.6 calculated using mBJ potential for d-eg and d-t2g 

character bands of vanadium atom respectively. 
 
In Fig. 6, the TB-mBJ band structure along the 
direction of the BZ in In7VS12andIn5.4VS9.6 alloys 
clearly shows improvement in the position and width 
of the IB of these crystals as compared to PBE 
calculations reported in our previous work [12]. It 
appears to partially filled the states below the Fermi 
level as empty states with energies closer to the filled 
ones, leading to a small bandgap then the PBE-GGA 
calculations as shown in Fig. 4. 
 
CONCLUSIONS 
 
The role of V in IB formation is analyzed using the 
mBJ potential to improve IB position and thickness for 
the In7VS12 and In5.4VS9.6 alloys. The results indicate 
that both position and width of the IB have been 
shifted relative to the PBE-GGA calculations. And the 
condition for enhanced radiative recombination is 
satisfied. Thus, efficiency can be improved in these 
modelled alloys. 
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