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ABSTRACT: Several complex compounds that result from inserting atoms of certain transition metals in known 
semiconductors are proposed as intermediate band materials that, used as light absorbers, would allow to increase 
substantially photovoltaic efficiency. In particular, these are sulphides containing indium in octahedral coordination 
as the spinel CdIn2S4 or scandium (Sc2S3, with a defect NaCl structure) with the trivalent element partially 
substituted by Ti or V, and the silicon clathrate of type II (having a fee Bravais lattice with 34 Si atoms per primitive 
cell) in which V substitutes partially Si or Ag is occluded in the intracrystalline cavities. DFT calculations show that 
in several of these structures the added metal gives rise to a partially occupied, relatively narrow band located 
between the conduction and valence bands. Some of these structures have been synthesized experimentally, and we 
show UV-Vis-NIR spectra agreeing with the DFT predictions. 
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1 INTRODUCTION 

The Intermediate Band (IB) concept has been 
proposed over one decade ago [1] as able to lead to 
highly efficient photovoltaic (PV) cells. In this scheme 
two sub-band energy photons would be absorbed to 
achieve the same result (the promotion of an electron 
from the valence band, VB, to the conduction band, CB) 
that in a normal semiconductor would be achievable only 
by absorbing photons with energy higher than the 
bandgap. Such band, that besides being isolated from the 
CB and the VB should be relatively narrow and partially 
filled by electrons (having thus metallic character), could 
lead to a maximum ideal solar efficiency of 62% when 
properly located in a main bandgap of 1.9-2.5 eV. 

In recent years we have proposed, on the basis of 
quantum calculations, which electronic structures with 
such an IB can be obtained by partially substituting in 
known polar semiconductors the electropositive element 
by a transition metal. The semiconductors proposed for 
this can be of III-V type [2], chalcopyrites [3] or some 
spinel-type indium containing sulphides [4]; for one of 
these latter the experimental synthesis has been achieved 
[5], Now we propose other compounds based on the same 
principle (insertion of a transition metal in a known 
semiconductor) that, according to the DFT results 
presented here, have also the aforementioned IB 
characteristics. 

2 METHODS 

2.1 Calculation methods 
Quantum calculations within the density functional 

theory (DFT), at the GGA level (with functional PBE) 
and including spin polarization when needed, were 
carried out with program VASP [6-7], that computes the 
electronic structure of periodic systems expanding the 
wave-functions in plane waves and representing the 
atomic core regions with the PAW method [8-9], The 
expansion cutoff used was high enough to asses the 
convergence of all studied materials, and the reciprocal 

space was sampled according to dense gamma point-
centered Monkhorst-Pack grids. In all cases the structures 
were first relaxed in both atomic coordinates and lattice 
dimensions to reach the minimum energy, paying 
attention to any possible spontaneous breaking of 
symmetry; on the so relaxed configuration the electronic 
structure was then analyzed through band structure 
diagrams and density of states (DOS) plots. 

2.2 Structures considered 
Several semiconductor structures have been verified 

here to be able to lead to an IB structure. These are: 
The spinel CdIn2S4, having a fee Bravais lattice (Fig. 

IA) and a bandgap width between 2.35-2.62 eV [10-13], 
Here indium has octahedral coordination (the small 
structural inversion observed experimentally for this 
compound will be neglected). The substitution of one In 
atom of its primitive lattice (that contains 14 atoms, 
according to the formula Cdjlr^Sg) by V or Ti has been 
studied. 

Sc2S3, that has a bandgap of 2.7 eV [14]and a NaCl 
structure with one third of the cation sites empty. These 
cation vacancies are ordered in a complex manner, 
leading to a face-centered orthorhombic Bravais lattice 
with 20 atoms (formula Sc8S12) in its primitive cell (Fig. 
IB). The substitution of one of these eight Sc atoms by V 
will be considered. 

Silicon clathrate of type II. This is a metastable 
polymorph of Si, with a cubic face-centered Bravais 
lattice (Fig. 1C) having 34 Si atoms per primitive cell, in 
which each silicon is tetrahedrally bonded to other Si 
atoms as in the lattice of normal silicon, but the bond 
topology is such that the crystalline structure has internal 
voids having 24 or 28 vertices (6 voids of the former type 
and 2 of the latter per primitive cell) [15], This material 
can be prepared from alkali or alkaline earth silicides, 
forming first a M8Si34compound with each cavity filled 
by one metal atom; careful demetalation (with outgassing 
or chemical reactiom) can lead then to the metal-free Si34 

structure. Other Si clathrate structures exist [16-18]; here 
we will concentrate in the Si34 one, for which it is known 
that the bandgap is 1.9 eV [19], thus close to the 



optimum for an IB PV cell. Two types of atom insertion 
will be addressed: the partial substitution of Si by V (2 of 
the 34 atoms in a unit cell) and the addition of a group 11 
element inside the larger cavities. 

C) 

Figure 1: Structures of semiconductors used as basis for 
IB materials: A) CdIn2S4 B) Sc2S3 C) Type II Silicon 
clathrate (shown with occluded atom in one large cavity). 

2.3 Experimental method 
V-substituted In-containing sulphides were prepared 

solvothermally (at 150 °C during 4 h in a Teflon-lined 
stainless steel autoclave) from one solution of ZnCl2 or 
CdCl2, InCl3 and VC13 and one of Na2S using as solvent a 
water-ethyleneglycol mixture (1:10), then rinsed in 
methanol and water and air-dried at 120 °C. The resulting 
powders were characterized by X-ray diffraction and UV-
Vis-NIR diffuse reflectance spectra. 

3 RESULTS 

3.1 Substituted CdIn2S4 
For pure (non-substituted) Cdhi2S4 the DFT 

calculation predicts a relaxed cell constant, slightly 
higher than the experimental value (10.797 A)[20] as is 
usual in this type of calculation. The VB and CB edges 
are shown by the projected DOS to be made mainly of 
S(2p) and In(2s) orbitals respectively. As shown in Fig. 
2A, the predicted bandgap width is, lower than the 
experimental value (2.35 eV). This underestimation is 
typical of DFT calculations at the GGA level. Better 
agreement with experiment can be obtained with more 
advanced calculation methods as GW or EXX, but these 
are computationally very expensive and would be here 
unfeasible, especially for the metal-substituted structures. 

If 25% of In is substituted by V in this solid an 
electronic structure results that contains within the 
bandgap a new, fully spin-polarized band crossed by the 
Fermi level (Fig. 2). DOS integration shows that it is 
electron-tilled to 2/3 of its capacity. The partial DOS 
projected on vanadium shows that this new band is made 
mainly of V-based orbitals, and the band structure 
diagram (not presented) shows a band constituted by 
three states. This agrees with the expected behavior: in 
octahedral coordination vanadium splits its five-level 3d 
shell in two groups, the lower one with three levels (and 
corresponding to t2g symmetry in octahedral 
environment) and the upper one with three levels 
(corresponding to eg symmetry). Since the element is 
formally in the V3+ state as it substitutes for trivalent 
indium, it will have two 3d electrons that will go into the 
t2g manifold filling it partially. Hie minority spin t2g 

levels, as well as the eg levels of both spins, are separated 
from this IB and overlap the CB. The majority spin t2g 

levels form thus an IB with the desired characteristics; a 
system able to produce a high efficiency PV device is 
thus revealed. It is similar to other sulphides containing 
octahedral indium (e.g. In2S3) substituted by vanadium 
that w reported in previous work [5], 
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Figure 2: DOS from the DFT calculation made on a 
Cd2VIn3S8 cell (black line). The projected DOS showing 
the projection on vanadium, cadmium, indium and 
sulphur is also displayed. 

In a similar way, the effect of partial substitution of 
In by Ti in this structure was studied. As shown by the 
DOS plots (not displayed), a band derived from Ti-based 
orbitals, also of t2g symmetry, appears here as well in the 
bandgap. Here the band overlaps slightly the CB, but this 
is surely a result of the gap underestimation of the DFT-
GGA method; with a more accurate method, the CB 
would appear at higher energy while the partially filled 



IB would remain at nearly the same distance from the 
VB, as shown by EXX results for a related system [21], 
so that again an appropriate IB material can result. 

V-substituted CdIn2S4 was synthesized with a V:In 
atomic ratio of ca. 1:9, and shown by XRD to contain 
mainly the spinel phase with only a small amount of CdS 
(data not displayed). The UV-Vis-NIR spectrum Fig. 3) 
shows a sub-bandgap absorption as can be expected due 
to the IB, with onset at ca. 0.5 eV and a shoulder starting 
at ca. 1.8 eV; these two features can be ascribed to the 
two sub-bandgap transitions. 
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Figure 3: UV-Vis-NIR spectra (Kubelka-Munk transform 
of diffuse reflectance) of experimentally made V-
containing and pure CdIn2S4, compared to the spectrum 
of the V-free material. 

3.2 Substituted Sc2S3 

DFT calculation of the electronic structure of this solid 
yielded lattice dimensions close to the experimental ones) 
and a lower bandgap value than the experimental gap of 2.7 
eV; see Fig. 4) as is typical of the DFT-GGA calculations. 
In this case the VB and CB edges are made mainly of S2p 
and Sc3d orbitals. An IB having the desired characteristics 
is found again when scandium is partially substituted by 
vanadium, as seen in Fig. 4. Thus different sulpiride 
semiconductors based in other trivalent elements besides 
Indium can give rise to an intermediate band when these 
elements, if present in octahedral coordination, are 
substituted by light transition metals as V. Experimental 
work towards the preparation of Sc2S3 substituted by such 
metals is under way. 

3.3 IB formation in silicon clathrate 
A different example of how a transition metal 

can induce an IB of structure appropriate for enhancing 
PV efficiency when inserted in a semiconductor is the 
case of silicon clathrate of type II, which have a suitable 
badgap for this (1.9 eV). Here the substitution of Si by Ti 
would not lead to excess electrons in the 3d orbitals 
manifold of the metal, since both elements are 
tetravalent, while such excess electrons can be expected 
to appear when V is used as it is pentavalent. The 
coordination being tetrahedral, the 3d orbitals will be 
split in a lower subgroup of two e-symmetry orbitals and 
a higher one of three t2-symmetry orbitals. This is 
confirmed by the DFT results, that show (Fig. 5) a well 
formed IB in the gap of the clathrate. 
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Figure 4: DOS from the DFT calculation made on a 
VSc7S12 cell. The metal-projected DOS is displayed in 
red 
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Figure 5: DOS plot from DFT calculations on type 2 Si 
clathrate substituting Si by V (V2Si32 formula in the 
primitive cell). The metal-projected DOS is displayed 
with dashed lines 

This substitution might be however little favored 
energetically, as it implies to place vanadium in 
tetrahedral coordination, while at least octahedral 
coordination is mostly preferred by such transition metals 
(indeed this is the case in the known vanadium silicide 
VSi2 where Si is 8-fold coordinated to Si). The clathrate, 
however, provides another alternative, as it is possible to 
have guest atoms inside its cavities. Group 11 elements 
have also been tested and satisfactory IB results were 
obtained using Ag, when inserted in the larger cavities 
(not shown). 

4 CONCLUSIONS 

DFT calculations show that intermediate band 
absorber materials of the type that could lead to high 
efficiency PV cells can result upon well chosen transition 
metal insertion in a variety of known semiconductors. 
They can be sulpirides where substitution of octahedrally 
coordinated trivalent elements such as In or Sc is carried 
out, but can be also rather different structures such as the 
Si clathrates having open frameworks, in which case both 
substitution of the lattice atom and interstitial inclusion in 
the intracrystalline voids can be considered. Since all 



these materials are likely to be amenable to preparation 
only in polycrystalline form, a thin film device scheme 
would be probably the optimum one for using them. 
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