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ABSTRACT: The intermediate band (IB) solar cell, based on the absorption of two low energy photons to promote 
one electron across the full bandgap, has been proposed to increase PV efficiency by a factor above 1.5. Using DFT 
calculations we show here that silicon materials with certain elements inserted and which have been experimentally 
prepared and reported in the literature, develop an IB electronic structure able to implement an IB solar cell. In 
particular, this happens for Ti atoms introduced via ion implantation and occupying interstitial sites, and for S or Se 
atoms inserted in lattice sites by similar methods. In addition, we present new experimental data for another IB 
material previously proposed and synthesized by us, viz. vanadium-substituted In2S3: using a photocatalytic method, 
in which photogenerated electrons and holes are transferred to molecules at the surface of this material (made in 
powder form and suspended in an aqueous solution) producing thus chemical reactions, we show that insertion of V 
in In2S3 allows to generate electrons and holes, which can be extracted at the material surface, also with photons 
having energy lower than the In2S3 bandgap width. This material could thus be used to build an IB thin film PV cell. 
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1 INTRODUCTION 

One possible way of enhancing the efficiency of a PV 
cell, proposed in recent years, is the use of intermediate 
band materials [1], In these systems (Fig. 1) a relatively 
narrow band (the intermediate band, IB) is located 
between two other bands (filled and empty respectively) 
akin to the valence and conduction bands (VB and CB) of 
a semiconductor of bandgap width Eg. This allows an 
electron from the VB to be promoted to the IB, and from 
the latter to the CB, upon absorption of photons with 
energy below Eg, achieving the same total result as with 
one photon of energy Eg or higher. 

It has been estimated [1] that the use of this type of 
material could bring about PV efficiencies with an ideal 
limit as high as 63.1 % (if Eg =2.0 eV and the IB is 
optimally placed between the VB and CB) while that 
achievable with one normal absorbing semiconductor 
(with Eg =1.1 eV) is 40.7% (the Shockley-Queisser limit). 
This IB should be partially filled, to allow comparable 
rates for both low energy photon absorption steps. It 
should not overlap hi energy with the CB nor the VB to 
avoid a fast transfer to the IB, via theniialization, of the 
carriers excited into the VB and CB. A well-formed band 
with significant dispersion and derealization is also 
needed, rather than discrete localized levels that would 
favour non-radiative recombination [2]. 

In previous work we have proposed, based on DFT 
calculations, to realise this concept through insertion of 
certain transition metals hi known semiconductors such 
as GaP or GaAs [3, 4], CuGaS2 chalcopyrite [5] or In 

CB 

thiospinels [6]; one IB material of this latter kind, V-
substituted In2S3, was furthermore synthesized by us [7], 

We now propose certain Si-based materials for 
achieving the same electronic structure and PV function. 
The first one is monocrystalline Si with a high 
concentration of Ti inserted via ion implantation, which 
has unusual electric properties that have been interpreted 
as due to an IB-type electronic structure [8], Noteworthy 
is that hi this system the lifetime of photogenerated 
electron-hole pairs increases with the Ti concentration [9] 
for large enough values of the latter, supporting the 
proposal that overcoming the Mott-Schottky limit for 
electron derealization decreases recombination hi these 
materials [2], Another material for which we show here 
that an IB is realized is silicon hi which S or Se atoms are 
inserted to occupy lattice positions. This material has 
been produced experimentally also via ion implantation, 
and presents sub-bandgap absorption compatible with the 
presence of an IB [10], although as will be shown here 
co-doping is necessary to obtain the partially tilled 
condition needed for efficient IB PV operation. 

Other results presented here will show the IB 
behaviour of V-doped In2S3, previously made by us [7], 
in the photon handling process. For this a photocatalysis 
process will be used (Fig. 2), in which as is well known 
[11] the electrons and hole pairs photogenerated in a 
particulate semiconductor diffuse to the surface of the 
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Fig. 2 Operation of a photocatalytic process 
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Fig. 1 Operation scheme ot the IB PV cell 



Fig. 3 Preferred position for Ti in the Si lattice, and 
density of states (DOS) curves obtained for it in the 
DFT calculations. In the latter, the projections of DOS 
on relevant atoms are presented as well. 

latter and are transferred to substances present in the gas 
or liquid medium surrounding it, leading to chemical 
changes in these latter. If this process is carried out with 
an IB material one may expect that the spectral response 
will be wider, and the extent of the chemical reaction will 
be higher, than those obtained with the IB-free parent 
semiconductor. 

Fig. 4 a) Band diagrams for (a) Si in which 1/216 of the Si 
atoms are substituted by S; (b) if an additional 
substitution of Si by A1 is made. 

lens, a water filter (to suppress thermal IR components) 
and, when so desired, one of a collection of band-pass 
optical filters, each one transmitting a wavelength 
interval of FWUM width = 50 mil. The formic acid 
concentration evolution was monitored by periodic 
sampling and filtering of small suspension aliquots, and 
measuring in the liquid the UV absorbance at A^205 mil. 

2 METHODS AND MATERIALS 3 RESULTS AND DISCUSSION 

2.1 Calculations 
We use spin-polarized DFT with the GGA 

approximation and the Perdew-Wang 1991 functional 
[12], as implemented in the plane-wave VASP code [13] 
which uses PAW potentials [14, 15], The plane-wave 
cutoff was set as 245 eV, and Brillouin zone sampling 
was carried out with a Monkliorst-Pack grid [16]; both 
were verified to provide convergence in total lattice 
energy within 0.001 eV/atom. Unconstrained relaxations 
of ions and cells with a convergence tolerance of 0.01 
eV/A for atomic forces were made for all systems. 

From the resulting converged wave functions total 
and projected density of states (PDOS), band diagrams 
and optical properties were computed. For the latter we 
calculated the real and imaginary parts of the dielectric 
function as well as the absorption coefficient [17, 18]. 
We considered only direct transitions. Energy cutoffs and 
M-P grids densities were increased, and 200 empty bands 
were used, to get good convergence in both the electronic 
properties and the frequency dependent dielectric tensor. 

2.2 Experimental 
Pure and V-containing In2S3 (the latter with a V:In 

atomic ratio of =1:10) were made in powder form via 
solvotliennal methods and characterized as previously 
reported [7], For the photocatalysis experiments 40 mg of 
sulphide powder were added to 80 mL of an aqueous 
solution of formic acid (1.5 mM concentration) 
phosphate-buffered to pH=2.5, and kept in suspension in 
a pyrex reactor with magnetic stirring in contact with air. 
This was irradiated from above using an ozone-free 450 
W Xenon lamp provided with a collimating condenser 

3.1 Calculations on Ti: Si systems 
According to the DFT calculations [19], among the 

several possible positions of Ti in the Si lattice that one 
having the transition metal in an interstitial site, at the 
center of the cavity formed by the Si atoms, is most 
stable (Fig. 3, upper part). The electronic structure 
obtained for such material (Fig. 3, lower part) shows new 
spin-polarized states inside the bandgap due to the Ti 
levels and having a certain width (i.e. dispersion), which 
implies the development of a band-like character. One of 
them is intersected by the Fermi level; it has therefore 
partial occupation (as needed for the IB PV operation). 
Analysis of the projections shows that these new states 
are constituted mainly by 3d orbitals of the Ti atom. 

The position of this intermediate band in respect to 
the valence band edge (few tenths of an eV below it) 
agrees with the model which has allowed to explain the 
behaviour of its unusual electric properties [8], The 
bandgap of the parent Si semiconductor is much lower 
than the optimum one for IB PV cell operation with a 
single absorbent (1.95 eV), but this Ti:Si system could 
still be useful if utilized as bottom cell in a 2-component 
tandem system. Alternatively it can serve as workbench 
to study the physics of the IB PV cell concept. 

3.1 Calculations on X:Si systems (X=S, Se, Te) 
Similar calculations have been carried out for Si 

containing chalcogenide atoms [20]; such materials have 
been experimentally synthesized and shown to display 
sub-bandgap photon absorption [10], Here the 
substitutional site was found to be the most stable one. 
Examination of the density of states curves for the S:Si 



Fig. 5 HCOOH concentration decay curves upon 
irradiation with light of wavelength X (spectral width 
FWHM=50 nm) an aqueous suspension of (a) In2S3, (b) 
V:In2S3. 

system (Fig. 4a) shows that a new state appears in the gap 
upon inclusion of the new atom; here, however, the state 
is completely filled by electrons, and the system would 
not allow transitions from the VB to the IB to occur 
(except if a very high light intensity, promoting an 
important number of IB to CB transitions, depopulates 
partially the IB), which prevents the completion of the IB 
scheme. Very similar results are found for the 
substitution of Si by Se or Te. 

Partial filling of the IB can be achieved by adding an 
electron acceptor in suitable concentrations, typically 
close to that of the chalcogenide atom. Thus Fig. 4 shows 
also the D.O.S. curves for systems with a composition 
SAlSi254. Now the IB is half-filled, being crossed by the 
Fermi level. A similar result is obtained with B instead of 
Al; similar results are also found if Si is substituted by Se 
or Te instead of S. The theoretical calculations also 
predict a high optical absorption for energies below the Si 
gap [20], As in the case of the Ti:Si system presented 
above, the low value of the Si bandgap implies that these 
X:Si systems can be useful as part of a tandem cell or as 
workbench to study the physics of the IB concept. 

3.3 Photocatalysis studies on V:In2S3 

The nanocrystalline V:In2S3 powder previously 
synthesized by us [7] was used in a photocatalytic 
process of formic acid oxidation. As is well known [11], 
in such systems electrons and holes produced in the solid 
upon photon absorption and which succeed in escaping 
recombination can diffuse to the solid surface and be 
transferred to molecules in the solution. In our case, 
electrons can be captured by dissolved oxygen molecules, 
giving very reactive radicals that can undergo additional 
electron and proton transfer processes such as: 

e" + O, -> 02" 
02" + I f -> 6 2 H' 
e + 0 2 H ' + I f - ^ O T f 
e" + 0 2 H 2 -> OH" + OH' 

Holes can be transferred to dissolved or adsorbed 
hydroxyls and to formic acid or its anion, producing also 

Fig. 6 (a) Wavelength dependence of the HCOOH decay 
rate constant k in the oxidation process photocatalyzed 
by In2S3 or V-containing In2S3. The absorption spectra of 
both materials, obtained from diffuse reflectance Vis-
NIR spectroscopy, are included also for comparison, (b) 
Absorption coefficient predicted by DFT for the same 
systems. 

different reactions such as: 
h+ + O H -> OH' 
h+ + HCOOH -> HCOO + i f 
h+ + HCOO - -> HCOO' 
h+ + HCOO' -> I f + CO, 
OH' + HCOO" -> OH" + HCOO' 
O H ' + HCOO' - ^ H 2 0 + C0 2 

The final net result is the oxidation of formic acid: 

HCOOH + !/2 O, -> CO, + H 2 0 

While the HCOOH concentration remained stable in 
a suspension with In2S3 if kept in the dark, it was found 
to decay upon irradiation of the suspension, the decay 
rate depending on the wavelength used (Fig. 5a). The rate 
was significant for photons having energy similar or 
larger than the bandgap of In2S3 (Eg=2.0 ev [21], 
corresponding to a wavelength 1=620 nm), but marginal 
for photons with energy clearly lower than this value. 

If the experiment was repeated with V:In2S3 powder a 
similar process occurred, but now significant decay is 
observed as well for wavelengths longer than 650 nm, 
implying that photons with sub band-gap energy are able 
to generate electron and holes of high mobility, which 
can be transferred to molecules in the liquid solution, 
much as it happens for photons with energy higher than 
Eg. The effect can be better visualized measuring for each 
decay curve the initial rate of the reaction and, assuming 
that a first-order process law is followed: 

-d[HCOOH]/dt = A. [HCOOH] 

obtaining the reaction rate constant k. This constant can 
be then plotted as a function of the wavelength as shown 
in Fig. 6. 



It can be seen that, while for In2S3 the photocatalytic 
action spectrum parallels the In2S3 absorption spectrum 
and extends up to X=650±25 nm, for the V-containing 
material the photocatalytic activity range range extends 
up to X=750±25 nm, paralleling also the additional 
feature observed in the absorption spectrum between ca. 
575 and 750 nm. This can be ascribed to IB-induced 
transitions as predicted by the spectrum computed 
theoretically with DFT for this material (Fig. 6b). 

It is particularly interesting to observe that the rate 
constant measured for wavelengths \<600 nm, i.e. for 
photons with energy higher than the In2S3 bandgap, is not 
decreased appreciably upon introduction of vanadium. 
This means that there is no significant recombination 
increase effect upon insertion of vanadium; this can be 
related, as recently proposed [2], to the high 
concentration of the element introduced, that leads to 
delocalized band formation. 

4 CONCLUSIONS 

Insertion of (interstitial) Ti or of (substitutional) 
chalcogenides (X=S, Se or Te) in crystalline Si in high 
enough concentrations, as has been recently achieved 
experimentally, leads to the formation of intermediate 
bands inside the gap of the semiconductor. In the case of 
Ti this IB is partially filled, as required for an efficient IB 
PV cell operation; in the chalcogenide case the band is 
electron-full, but can be made partially filled through 
hole doping with e.g. B or Al. 

It is also shown here, using a photocatalysis based 
experiment, that the V:In2S3 material previously proposed 
and synthesized by us is able to handle photons of sub-
bandgap energy to produce electrons and holes that can 
be extracted at the surface of the material, and that 
recombination is not affected, both things being in 
agreement with the behaviour expected for an IB 
material. This reinforces the expectation that an efficient 
IB PV cell can be made based on this system. 
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