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Current photovoltaic (PV) devices and photocatalysts can
use solar light through a process in which the absorption of
one photon by a semiconductor leads in the latter to the
promotion of an electron from the valence band (VB) to the
conduction band (CB) with the subsequent production of
electric current or chemical reactions. Within this mechanism,
photons with energy lower than the forbidden band gap width
E, cannot be used. In recent years it has been proposed' that
the insertion of an additional level (the intermediate band,
IB) in the forbidden gap could provide an additional path
for attaining the same final excitation result through the
absorption of two photons with energy lower than E,,
similarly to what happens in natural photosynthesis (Figure
1). Photogenerated holes and electrons are then extracted
from the VB and CB at the corresponding electron potential:
in a photovoltaic cell, with electrical contacts (thick black
lines in Figure la) having proper Fermi levels, and in
photocatalysis, via transfer to adsorbed molecules having
proper redox states, driving chemical reactions.

Thus a larger number of photogenerated charge carriers
would be available for producing electric current or chemical
processes without decreasing the voltage or chemical po-
tential of the photogenerated charge carriers, and the solar
spectrum would be more thoroughly and efficiently used. In
photovoltaics, for example, this would lead to an ideal upper
limit of the efficiency in solar energy use of around 63%,
while with a normal semiconductor this upper limit would
be approximately 41%." Tt should be noted that this type of
electronic structure could also be useful in other applications,
for example, photon up- or down-converters or new types
of IR detectors.

To achieve the desired performance, the electronic struc-
ture of the targeted IB material should have some specific
features in addition to the level ordering depicted in Figure
la. The intermediate level should be a truly delocalized band
(even if relatively narrow), not a discrete localized level, to
minimize undesirable nonradiative recombination.” It should
not overlap the CB nor the VB, to prevent the electron or
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Figure 1. Intermediate band (IB) working principle: (a) photons of different
wavelengths promote electrons from the valence band (VB) directly to the
conduction band (CB) and also from the VB to the IB and from the IB to
the CB. (b) A wider photon energy range is thus used.

hole deexcitation to the IB through thermalization (which
would waste energy), and should be partially occupied by
electrons so that both low energy transitions (from the VB
to this intermediate band, IB, and from the IB to the CB)
may occur at comparable rates, as is required in this scheme.
Finally, the VB—CB gap should be close to 2.0 eV to reach
the maximum photovoltaic efficiency.' To our knowledge,
no compound has been made until now which fulfills all the
required IB features.

In previous works®™ we proposed, based on density
functional theory (DFT) calculations, that tetrahedral semi-
conductors including certain transition metals (TM) could
be valid IB materials. Here we change the approach and start
from a semiconductor containing octahedral cation positions,
where substitution by a TM is likely to be more favorable,
and undertake the synthesis (in nanocrystalline powder form)
and optical characterization of this TM-substituted material,
obtaining spectral results that confirm the expectations from
DFT. To our knowledge this is the first time that a compound,
predicted with DFT calculations to have the desired 1B
characteristics, is synthesized and shows experimental fea-
tures agreeing with the computed electronic structure.

In,S3 is a semiconductor with a direct bandgap E, ~ 2.0
eV wide® having in its most stable 3 phase a defect spinel
structure with cation vacancies ordered in the tetrahedral
sites, producing a body-centered tetragonal structure (space
group [4,/amd; see Figure S1 in the Supporting Informa-
tion).” Most of the indium in it (75%) has thus octahedral
coordination. In,Ss is frequently used as a window layer
material in thin film PV cells so that the preparation methods,
well adapted to PV cell manufacture, are already known for
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Figure 2. Powder X-ray diffractograms of the materials obtained: In,S;
(solvothermally made in water or water/ethylene glycol mixture) and
V-doped In,S3 (made in water/ethylene glycol). Simulated diffractograms
of a- and y-In,S3 (with fitted linewidths) and V,S3 are also shown.

it. Furthermore, sulfides based on octahedral indium have
shown good photocatalytic properties,® and the photoelec-
trochemical properties of In,S; have been characterized.’
In,S; seems thus a good candidate to make an IB material
through substitution of In by a TM, especially when aiming
at photovoltaic applications. We initially chose Ti and V as
TM dopants. These elements could form an IB from the
lowest subshell (threefold degenerate in octahedral sym-
metry) of their 3d levels and, acting as trivalent substituents,
would provide one and two electrons respectively to this IB,
leaving it therefore partially occupied as required. We
describe here the most promising results, obtained using
vanadium as the dopant.

The polycrystalline In,S; material obtained hydrothermally
in aqueous solution displays a powder X-ray diffractogram
(XRD; Figure 2) where all peaks correspond to the cubic o
phase of In,S;,'” having the same structure as the mentioned
3 phase but with the cation vacancies disordered. A crystallite
size of around 23 nm can be obtained from the peak widths
by applying Scherrer’s formula, while the peak positions give
a cell parameter of @ = 10.75 A, close to the literature value
(10.774 A'°). The reaction leading to this product can be
written as

2InCl, + 3Na,S — In,S; + 6NaCl (1)

Its diffuse reflectance (DR) UV —visible—near IR (NIR)
spectrum was also obtained (see Supporting Information,
Figure S2). The Kubelka—Munk'" transform function of the
reflectance R (KM = (1 — R)*/(2R)), which gives the ratio
of the absorption and scattering coefficients, is shown in
Figure 3a. It rises steeply above 2.0 eV, in accordance with
the direct band gap of In,Ss.

When trying to prepare the vanadium doped material in a
similar way, a substantial oxidation of this element to v,
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Figure 3. (a) UV—vis—NIR DR data obtained for well-crystallized In,S;3
and V-containing In,S3. Ovals highlight the contributions ascribed to the
different transitions shown in Figure 1. (b) Absorption coefficient computed
with DFT for both systems. The AM1.5G solar spectrum is drawn as the
background, to show the improved range of its absorption that would be
achieved with the new material. (c) Detail of the contributions of the
different transitions to the optical properties (w-weighted imaginary part
of the dielectric function €) of V-substituted In,Ss.

probably ascribable to the large concentration of protons present,
was detected using EPR spectroscopy. The problem was
alleviated by using a water—ethylene glycol mixture as solvent.
As shown in Figure 2, when preparing In,S; this led to an ill-
crystallized product (with a small broad peak at 260 ~ 19.8°
indicating the simultaneous formation of the less stable hex-
agonal y phase of In,S3;, which has also most or all of In ions
in octahedral coordination'?) which had optical characteristics
otherwise quite similar to those of the former sample. However,
it gave a better crystallized V-doped material (its sharp XRD
peaks indicate a particle size around 20 nm) having an atomic
ratio V:In = 0.093 according to chemical analysis. No new
XRD peak (in particular, features due to a V,S; phase'® are
absent) appears in it beyond those observed in the In,S;
preparations, indicating that a separate V-containing phase has
not been formed. TEM data with EDS analysis (see Supporting
Information, Figure S3) confirms that the desired incorporation
of vanadium into In,S3, never reported previously, seems indeed
to have taken place.

The EPR spectrum of this material (see Supporting
Information, Figure S4) shows a signal at g ~ 1.98, with
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some superimposed hyperfine structure; these features are
indicative of V!V species (VY and V'™ are not detectable in
these spectra). Spectrum integration (carried out as explained
in the Supporting Information) shows that V'V represents
approximately 25% of the total vanadium content. This result,
together with the synthesis conditions used, indicates that
most of the vanadium remains as V™. Its incorporation in
the product as a sulfide would follow a reaction similar to
eq 1 above.

The DR spectrum of this V-doped material was obtained
(Figure S2 of the Supporting Information); Figure 3a shows
its Kubelka—Munk transform. Besides the main absorption
edge at £~ 2.1 eV, two new main features appear: a distinct
shoulder or step starting at approximately 1.6 eV and a broad
absorption that starts at rather low energy, possibly around
0.7 eV, and increases steadily until meeting the other feature
at approximately 1.6 eV.

According to detailed quantum calculations, which are
described elsewhere,'* DFT predicts for 5-In,S; (the ordered
version of o-In,S3) a bandgap of 0.8 eV, lower than the
experimental one as is typical in calculations at this theory
level. The VB and CB are constituted mainly by S 2p and
In 5s orbitals, respectively, as shown in earlier quantum
mechanical studies of In thiospinels.'> The calculations made
in the mentioned work (see the description of procedures
and models in the Supporting Information) show that, upon
substitution of octahedral In by V, a well-defined, fully spin-
polarized IB appears in the semiconductor gap (Figure S5
of the Supporting Information); this IB is mainly made up
of V 3d orbitals, has three electronic levels per vanadium
atom, and contains two electrons per vanadium atom. This
is what would be expected for a system based on the formal
redox state V", which in a perfect octahedral coordination
would contain two electrons in the triply degenerate t,
manifold. Similar calculations were made also for the y-In,S;
phase, with or without V, and gave energy levels and gaps
with values and features (not shown here) quite similar to
those found for 5-In,S;. The conclusions do not depend thus
on whether V lies in the o or y phase. From these DFT data
the corresponding optical absorption spectrum can be
predicted; the result, compared with that obtained in the same
way for nondoped f3-In,S3, is given in Figure 3b, and can
be analyzed examining the different contributions to the
imaginary part of the dielectric function (from which the
absorption value is calculated) as shown in Figure 3c.

These curves show for V-doped In,S; an absorption in a
range below 0.5 eV (resulting from electronic transitions
within the IB) and two increases in absorption starting at
about 0.7 eV (resulting from transitions from the VB to the
empty IB states) and 1.5 eV (resulting from transitions from
the occupied IB states to the CB), respectively, besides the
jump edge at approximately 2.0 eV resulting from VB—CB
transitions. For pure In,Ss, as expected, only the excitation
due to the VB—CB transitions appears. The features observed
for V-doped In,S; match the essential ones of the experi-
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mental result in Figure 3a nicely, allowing the latter to be
interpreted as resulting from the presence of all three
transitions detailed in Figure 1. The fact that the sub-bandgap
features in the calculated spectrum are peak-like while those
in the experimental one are more step-like may be explained
by disorder or considering that the experimental observation
will include phonon-assisted photon absorptions (indirect
transitions) that cannot be reproduced using the current
calculation method.

The observation of both sub-bandgap features in Figure
3a indicates that the IB of the material is partially filled as
predicted theoretically. If it were empty or completely filled
one of the two transitions would be absent. This could have
occurred in previous work on highly mismatched semicon-
ductor alloys,'® which reported only two absorption features.

The evidence of solid solution formation given by XRD
and the agreement between predicted and experimental
absorption spectra show the realization of the IB scheme
proposed for high efficiency PV cells in a single-phase
compound for the first time. As said previously, a number
of applications could benefit from this type of material. More
efficient photovoltaic cells could be achieved; new photo-
catalysts or photoelectrochemical materials could allow
photosyntheses or pollutant destruction to take place using
solar energy more efficiently; new photon up-converters or
down-converters, or improved IR detectors, could come
about; and magnetic half-metals useful in spintronics could
be conceived. Furthermore, a variety of spinel-type or layered
sulfide phases exist which contain octahedrally coordinated
In'” and thus may allow fine-tuning of properties in TM-
substitution-based 1B materials. Further work is under way
for the experimental characterization of the synthesized
material and for the preparation of similar ones, as well as
for the verification of their photocatalytic activity and the
assembly of PV cells based on such systems. The effective
obtention of higher efficiencies in these applications through
the use of this family of compounds remains the main
challenge in such a study.
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