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V-substituted In,Ss: an intermediate band material
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light range
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We proposed in our previous work V-substituted In;Sz as an intermediate band (IB) material able to enhance
the efficiency of photovoltaic cells by combining two photons to achieve a higher energy electron
excitation, much like natural photosynthesis. Here this hyper-doped material is tested in a photocatalytic
reaction using wavelength-controlled light. The results evidence its ability to use photons with
wavelengths of up to 750 nm, i.e. with energy significantly lower than the bandgap (=2.0 eV) of non-
substituted In;Sz, driving with them the photocatalytic reaction at rates comparable to those of non-
substituted In,Ss in its photoactivity range (A = 650 nm). Photoluminescence spectra evidence that the
same bandgap excitation as in V-free In,S3 occurs in V-substituted In,Ss upon illumination with photons
in the same sub-bandgap energy range which is effective in photocatalysis, and its linear dependence on
light intensity proves that this is not due to a nonlinear optical property. This evidences for the first time
that a two-photon process can be active in photocatalysis in a single-phase material. Quantum
calculations using GW-type many-body perturbation theory suggest that the new band introduced in the
In>S5 gap by V insertion is located closer to the conduction band than to the valence band, so that hot
carriers produced by the two-photon process would be of electron type; they also show that the
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results imply that V-substituted In,Ss, besides being photocatalytically active in the whole visible light

range (a property which could be used for the production of solar fuels), could make possible
photovoltaic cells of improved efficiency.
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intermediate band (also called multiband or impurity photo-
voltaic) scheme, first formulated by Wolf> and which received

Introduction

Making the most effective use of solar light, by converting with
good efficiency the widest range of the spectrum, is a require-
ment in both photocatalytic and photovoltaic applications. In
photovoltaic (PV) technology, apart from the use of tandem
cells,® in which several different semiconductors absorbing
photons of different energies are stacked on top of one another,
one proposed way of achieving that objective is based on the
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later strong momentum after the work by Luque and Marti.* In
this system (see Fig. 1) the excitation of one electron from the
valence band (VB) of a semiconductor to its conduction band
(CB) across the separation between the two bands (the bandgap)
can be achieved not only upon absorption of one photon having

CcB

Fig.1 Scheme of the intermediate band working principle, in which
the successive absorption of two lower energy photons can drive a
higher energy electron excitation, like in a higher energy photon
absorption.

This journal is © The Royal Society of Chemistry 2014
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energy higher than the bandgap width Eg, but also upon
absorption of two lower energy photons which respectively
promote the electron from the VB to an additional narrow band
(the intermediate band, IB) located between the VB and the CB
and from the IB to the CB. A higher current can thus be
collected in a PV cell while maintaining the voltage corre-
sponding to the energy difference between the VB and CB.
According to the calculations in ref. 3 the maximum ideal effi-
ciency that can be obtained with a so built PV cell is more than
1.5 times higher than that achievable with a normal single-gap
semiconductor. Such maximum increased efficiency may result
in an overall bandgap E,; = 1.95 eV and a partition of it by the IB
in two sub-bandgaps of about 1.25 and 0.7 eV respectively, the
effect being the same if the VB-IB partial gap is the smaller or
the larger one.

Implementing this two-photon working principle and veri-
fying its usefulness in photocatalysis (and eventually in photo-
voltaic devices as well) is the objective of the present work.
Actually, in photocatalysis the idea of enlarging the spectral
response of a wide band gap semiconductor, and especially of
one of the paradigmatic photocatalysts TiO, and ZnO, through
insertion (via doping) of additional levels in the band gap is
several decades old.* In contrast to the IB scheme, however, that
idea does not consider in general the possibility of coupling two
photons in one same (monophasic) material, but just tries to
achieve an effective decrease in E,. Coupling two photons for
photocatalysis is considered mainly in systems where two
semiconductors are in intimate contact or linked by an electron
shuttle so that after the absorption of photons in both of them
electrons photogenerated in one of them neutralize holes
photoproduced in the other one, leading to a better charge
separation and possibly higher overall chemical potential. A
similar coupling of the absorption of two photons in different
absorbers to achieve a higher energy electron excitation is used
in natural photosynthesis, which operates through the so-called
Z-scheme.® At difference with nature and with the mentioned
two-phase approach, the IB scheme discussed here does not
separate spatially both absorptions, so that a smaller number of
electron transfer barriers exists, having in addition the advan-
tage of making possible the full electronic transition also using
only one (higher energy) photon.

Apart from systems based on quantum dots,® one way to
achieve the IB PV scheme is the introduction of the IB levels in a
parent semiconductor via (hyper) doping. This should be done
at a concentration high enough such that the levels inserted
have a delocalized character, forming a true band; this has been
shown to reduce nonradiative recombination.” A higher
concentration will also increase the absorption coefficients of
the sub-bandgap transitions, which in quantum dot-based
systems are rather weak. In the past few years we have proposed,
based on solid state chemistry concepts and quantum
mechanical calculations, several materials of this kind in which
a transition metal (TM) is used as a dopant: Ti-substituted II1-V
semiconductors,® Ti- and Cr-substituted CuGas, chalcopyrite®
and SnS, and indium thiospinels (like In,S; or MgIn,S,) in
which the octahedral cation is partially substituted by vana-

dium,"" these latter systems having been realized
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experimentally.’®*? Other substituted systems experimentally
achieved and claimed to constitute as well IB materials are
highly mismatched alloys, assumed to form the IB through a
band anticrossing effect'>** (although in these reports it was not
always clear whether the partial filling condition is fulfilled to
the necessary extent); Cr-substituted GaN, where spectra and
photovoltaic response seem to agree with the claimed IB
structure™ although the bandgap of the GaN host compound,
3.4 eV, is rather higher than the optimum value for efficient IB
PV cell operation; Nb-substituted In,S;, for which the IB char-
acter is inferred from optical and opto-electronic properties;*®
Cr- or Sn-substituted CuGas,, where it has been claimed that
the IB principle operates in photocatalytic reactions;'” or Fe-
substituted In thiospinels which show optical spectra agreeing
with the IB characteristics predicted by DFT calculations.™ Note
also that Mn-substituted GaAs or GaP, studied intensely in the
last few years for their interest in spintronics, may have also a
partially filled 1B.*

Concerning photocatalysts, as said above many attempts
(besides the two substituted CuGaS, materials just mentioned)
to obtain a wider spectral response via doping have been made,
although the efficiency of the sub-bandgap energy photons
absorbed is usually found to be much lower than that obtained
with absorbed photons in the corresponding non-substituted
material. This is generally ascribed to recombination processes
induced by the dopant, the electronic levels of which will be
localized if the dopant concentration is not high enough. The
low mobility of the charge carriers formed on these dopants
may be also a relevant factor for this, especially when the dopant
is a transition metal which will have rather localized orbitals.

The mentioned work of ours on V-substituted SnS,' showed
experimentally with the aid of a photocatalytic reaction that this
material can produce electron-hole pairs when irradiated with
photons of energy lower than the SnS, bandgap (=2.2 eV*). In
the present article a similar procedure is used to show that the
previously prepared and reported V-substituted In,S;" can also
sustain photocatalysis with photons of energy lower than the
bandgap of pure In,S; (=2.0 eV,>" i.e. very close to the optimum
one for the IB scheme), which confirms as well its IB material
characteristics and thus its validity not only for photocatalytic
processes using the full visible light range but also for making
an IB PV device. The formation of CB electrons and VB holes
through this coupling of two sub-bandgap energy photons is
evidenced as well with photoluminescence experiments. We
also present many-body (GW-type) calculations confirming the
formation of the IB band within the semiconductor bandgap as
was proposed previously'* using standard density functional
theory (DFT). For V-substituted In,S; full GW calculations are
computationally too demanding, so calculations have been
made for MgIn,S, (having also a thiospinel structure and overall
properties close to those of In,S; but a smaller number of atoms
in the primitive unit cell: 14 vs. 40), also substituted with V. In
these GW calculations the gap between VB and IB appears
enlarged compared to the LDA results, as was also observed in
other proposed IB systems such as the Cu,CrGa;Sg chalcopy-
rite*” and the inverse spinel Mg,Tiln;Sg.>® Therefore this GW
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effect of VB to IB gap enlargement can probably be extended to
other IB materials in addition to the V:In,S; studied here.

In the context of the present work it is worth mentioning
that, while TiO, is the material most usually considered for
photocatalysis and a number of other materials have been
assayed for photocatalysis,* In,S; has been considered previ-
ously as a photocatalyst by a significant but smaller number of
other authors.” As a procedure to improve the spectral response
of a photocatalyst, doping of the latter (among other methods>)
is frequently considered, particularly in the case of TiO,, but
normally the aim is just a decrease in the bandgap, not allowing
a two-photon process, in order to make the material visible
light-responsive,” and in any case this has not been tried for
In,S; by other groups; the above mentioned work by Ho™ is only
concerned with photovoltaic behaviour. Note, finally, that an
improvement in photocatalytic efficiency can be obtained also
via coupling to another material which may help separating
electrons and holes; this has been done occasionally with In,S;
itself.”® The possibility of doing it with the V-substituted mate-
rial studied in this work is not addressed here.

Materials and methods
Experimental procedures

The synthesis and characterization of In,S; polycrystalline
powder (with or without V in it) through a solvothermal reaction
at 463 K, using InCl;, VCI; and Na,S as reagents, was reported
previously."” It was verified there that the V-containing product,
with a V: In ratio = 1 : 10.7, displayed in the XRD pattern only
the features of pure In,S; with an average nanocrystallite size of
~20 nm very similar to that of the similarly prepared V-free
In,S;, with no hint of an additional V-related phase or amor-
phous component. HRTEM-EDS analysis showed a V : In ratio
close to the bulk composition also in regions of the sample
containing only a single crystallite of the indium thiospinel
phase, confirming thus the presence of V in the In,S; lattice (see
the ESI of ref. 12). As shown also in ref. 12 the UV-vis-NIR
spectrum of this material displayed, in comparison with that of
V-free In,S; (which indicated a bandgap of ~2.1 eV), new light
absorption features in the sub-bandgap range, appropriate for
the IB electronic structure which had been predicted for this
system by DFT calculations. The specific surface of that sample,
which was measured but omitted in that paper, is 28.5 m* g~ !,
thus of the same order as the 40 m” ¢~ " value measured for the
V-free sample and reported in ref. 11.

The photocatalytic reaction test setup and procedure has
been described previously as well.’ It consists of a pyrex glass
photoreactor in which a stirred and aerated suspension of the
sulphide powder at 0.5 g ™" concentration in a 1.5 mM solution
of HCOOH, phosphate-buffered at pH = 2.5, is irradiated with
light from a 400 W ozone-free Xe lamp, filtered through pure
water to suppress most of the thermal IR part; the intensity of
the polychromatic light beam incident on the liquid surface is
ca. 175 mW cm™ 2. To this lamp optical bandpass filters can be
fitted that select a relatively narrow wavelength range (FWHM
=~ 50 nm) around a chosen central value. The reaction of
HCOOH is monitored by periodic sampling of suspension
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aliquots, filtration and UV spectrometric measurement of the
remaining HCOOH concentration in the liquid through its
absorbance at A = 205 nm.

Photoluminescence tests at ambient temperature were
carried out using a Perkin-Elmer LS50B fluorimeter with mon-
ochromatized excitation light. In the experiments using a fixed
wavelength of exciting light, the latter was additionally filtered
with an appropriate filter to ensure that no wavelengths from
higher order diffractions reached the sample.

Calculation methods

Local density approximation (LDA-DFT) and many-body calcu-
lations were carried out using the ABINIT code®>* with norm-
conserving pseudopotentials generated through the fhi98PP
code.* Semicore states (i.e., 4s, 4p, 4d for In and 3s, 3p for V)
were taken into account explicitly in the valence levels manifold
because it is known that this may substantially affect results for
GW calculations.®* LDA results were used as the starting point
for a self-consistent Coulomb-hole and screened-exchange
(COHSEX)*® calculation, and the results of the latter were then
used for a dynamic G,W, step. A basis set of around 30 000
plane waves was required for convergence of the COHSEX and
GoW, calculations. A Monkhorst-Pack k-point mesh of 3 x 3 x 3
was used to sample the Brillouin zone (BZ), which corresponds
to 14 k points in the irreducible BZ. GW corrections were
interpolated using a quadratic interpolation for the denser k-
mesh needed for the calculation of optical properties and
density of states. For GyW, calculations the plasmon-pole
model** was adopted and 400 bands were taken into account.
They were carried out after a LDA relaxation of cell and ion
positions, which led to a lattice parameter of 10.47 A. The
dielectric function was obtained using ABINIT within the
random phase approximation (RPA), using the sc-COHSEX +
G,W, eigenvalues and the LDA wavefunctions and neglecting
local-field effects in the calculation of the macroscopic average.
The absorption coefficient was obtained from the real and
imaginary parts of the dielectric function.*

Results and discussion
Photocatalytic test results

As reported earlier,* the V-free In,S; powder can sustain the
photo-degradation of HCOOH in aqueous suspension if irradi-
ated with photons having energy around or above its 2.0 eV
bandgap, i.e. with A = 650 nm (see Fig. 2a). The photocatalyst
was verified in that work to be more stable against photo-
corrosion in this process than the much used CdS material; in
fact, In,S; has been verified to be stable as a photocatalyst in the
presence of electron-donor compounds.?™ The overall process
can be assumed to consist of a simple total oxidation:

HCOOH + 120, — CO; + H,O

initiated by electrons and holes photo-generated in the semi-
conductor, which diffuse into the solid-liquid interface and are
transferred there to adsorbed O, molecules (dissolved in the

This journal is © The Royal Society of Chemistry 2014
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Fig. 2 HCOOH concentration decay upon irradiation with light of
different wavelengths in aqueous suspensions with In,5; (a) and
V:In,Sz (b). The error in the concentration measurements, as judged
from repeated tests, is ca. 5% of the initial concentration.

liquid from air) and H,O or surface OH™ groups respectively,
giving in these processes O, or OH’ radicals:

hr — h' +e”
c +09_4702

h* + OH™ — OH (or h" + H,O — OH" + H")

These very reactive species further evolve and attack HCOOH
present at or near the surface, presumably by hydrogen
abstraction steps, as could be for example

OH" + HCOOH — "COOH + H,O

0O,” + "COOH — CO, + HO,™

Other reactions involving these radicals as well as the
peroxidic HO, species, not discussed in detail in this work,
may take place to produce the final CO, and H,O products; the
details of the reaction mechanisms are not dealt with here. In
principle one could consider also other photon-induced overall
reactions leading to different decay products like CO, H, or
oxalic acid:

HCOOH — CO + H,O
HCOOH — CO; + H;

2HCOOH + 120, — (COOH), + H,O

The first reaction is usually catalyzed by acidic solids, and is
unlikely to occur here since In,S; is a rather basic compound;
the second one would require an efficient catalyst of H-H bond
formation (like Pt or Ni) and the third one can be discarded
since when the reaction was carried out in unbuffered solution
the pH was observed to rise and reach near-neutral conditions,
which would not be the case if oxalic acid were formed.

The process was repeated with the V:In,S; material. Under
irradiation the HCOOH concentration in the aqueous suspen-
sion was found to decrease gradually, doing so at different rates
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depending on the wavelength of the filtered light used. Fig. 2
displays the concentration decrease determined for different
wavelengths, compared with that found previously for v-free
In,S;.* Fig. 2 also includes the results obtained with unfiltered
light (note that for all curves the experiment was started with a
fresh portion of the sulphide powder). It can be seen that for a
range of wavelengths corresponding to photon energies clearly
below the In,S; bandgap width (between 700 and 750 nm) the
decrease is much faster for the V-containing photocatalyst.
Semilogarithmic plots (not shown) verified that these decay
curves follow approximately a (pseudo) first order kinetics:

&) =T~

This allows quantifying the effect through the rate constant
k, obtained from a fit to the initial curve slope. When the irra-
diation was carried out with the full unfiltered light from the Xe
lamp a value k = 0.014 min~ " was obtained for the V-substituted
In,S; material; this can be compared with the value £ — 0.018
min~ " determined for the V-free sample, which shows that the
insertion of V in the sulphide structure does not impair too
much the overall photocatalytic efficiency. The results obtained
with filtered light can be summarized plotting the value of k as a
function of the filter wavelength 4; this is shown in Fig. 3, where
again the data obtained for Vfree and V-containing In,S; are
compared, and which includes also the UV-vis-NIR spectra of
these materials in the displayed range.

The main effect of adding V is clearly seen to consist in a
significant extension of the wavelength range in which the
photocatalytic process can take place. Thus for V-free In,S;
photocatalytic activity is observed with A up to 650 nm (a
wavelength somewhat above the value A = 620 nm which
corresponds to E; = 2.0 eV; this somewhat extended range can
be ascribed to the combination of the small tail seen in the
absorption spectrum in this range and the width of the wave-
length band transmitted by the filters), while for the V-con-
taining material the photocatalytic reaction is detected for A up
to 750 nm, ie. the action spectrum extends to the beginning of
the IR range. This means that the substituted sample acts as

0.016 4 35

4 e In, V.S, Ins,

~#- - @- reacn. rate constant
—— ==~ absn. spectrum

0012 4

k (min")
£
-n(R)

0.000 T T T T T
550 600 630 700 {50 800 B
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Fig. 3 Reaction rate constant k of the photocatalytic HCOCH
degradation plotted against light wavelength for In,Sz and V:In,Ss. The
optical spectrum of both materials (shown as the logarithm of diffuse
reflectance), already given in ref. 12, is superimposed on these curves.
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having an effective bandgap around 1.65 eV (which corresponds
to a wavelength of 750 nm), smaller than that of pure In,S;;
indeed the wavelength range extension parallels the extension
in the absorption range indicated by the step which appears
starting at A = 750 nm in the spectrum of V-free In,S;. Here one
may note that Fig. 3 would imply that, if all wavelengths were
included, the total reaction rate should be larger for the V-
substituted sample, contrarily to the observation mentioned
above. This apparent contradiction may be due to the much
higher light intensity in the unfiltered case, indeed significantly
higher than normal solar light intensity, which is about 100 mW
em 2 including the thermal IR component; therefore the effect
may be smaller under solar irradiation. This may produce a
proportionally higher level of nonradiative recombination (the
latter normally scales with the product of electron and hole
concentrations, i.e. with the square of the light intensity) which
at this intensity level might be more enhanced in the presence
of vanadium. Or it may be due to a different rate of the two sub-
bandgap electron transitions involving the IB, which for high
light intensity might lead to a significant change in the degree
of filling by electrons in the IB, altering the efficiency of the two-
photon process. With the present data it is not possible to
ascertain between these two mechanisms. Apart from this,
some minor effects like the not exact parallel between the
differences in the absorption spectrum and in the photo-
catalytic activity of both samples might be due to small differ-
ences between these in the dynamics and transport of the
carriers photoexcited with different wavelengths.

It is worth noting that the fact that very similar reaction
rates are obtained in both materials when using photons with
energy well above the bandgap of In,S; (i.e. A <600 nm) implies
that the introduced V ions do not contribute much to increase
electron-hole recombination, meaning that the new levels
introduced do have the desired delocalized character which as
said above allows minimizing nonradiative recombination.
Furthermore, the rate constant observed for the V-containing
material in the wavelength range approaching its effective
bandgap (i.e. around 700-750 nm) is close to that obtained for
pure In,S; in the range approaching its own bandgap (i.e. 600-
650 nm), which implies that the mobility and transferability
(to the dissolved reactants) of the charge carriers photo-
generated with sub-bandgap photons in the former material
are similar to those of typical photogenerated electrons and
holes in the latter one. This makes unlikely the alternative
explanation that could be proposed for the observed effect,
based on assuming that it could be due to just a one-electron
excitation between the IB levels and the CB or the VB, ie. to a
mere reduction of the effective bandgap. If it were so, one
would expect a much reduced effectiveness of the generated
charge carriers, due to both the lower mobility expected for the
states in the IB and the smaller redox potential that would be
available.

To get further insight into the mechanism of the photon-
induced chemistry the formation of OH’ radicals, which may
be the first step in the action of photogenerated holes, was
monitored with terephthalic acid. This molecule is known® to
scavenge OH’ radicals in aqueous solution to give hydroxy-
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terephthalic acid, detectable through its violet fluorescence

under UV light:
COOH
OH
Q== Q

Thus a test was made, similar to that on HCOOH and using
the same setup but with 1.0 mM terephthalic acid. The forma-
tion of the hydroxyl derivative was detected with the fluorimeter
(Fig. 4a), and the fluorescence intensity generated upon irradi-
ation with different wavelengths was plotted against time for
both In,S; and V:In,S; samples (Fig. 4b and c¢). It can be seen
again that comparable photoreaction rates are obtained for
both materials when irradiating with photons having energy
above the In,S; bandgap, while irradiation with 700 nm
photons gives significant reaction only for the V-containing
sample and negligible products are obtained with 800 nm
photons. This shows that the two-photon process made possible
by the intermediate band is indeed able to produce OH" radicals
active in photocatalytic reactions.

Photoluminescence tests

Fig. 5 presents the spectra of emitted light obtained for both
In,S; and V:In,S; samples when excited by monochromatic
light of different wavelengths. When using for the excitation
photons of wavelengths below 550 nm both samples show a
weak but distinct emission at ca. 595 nm (photon energy =2.1
eV, i.e. close to £g), which has been observed in the literature for
single-crystal or powdered In,S; at both ambient and cryogenic
temperatures®? and is ascribed to the recombination of charge
carriers at the VB and CB edges. One significant result here is
that the intensity emitted when irradiating with photons having
energy above the In,S; bandgap is not decreased significantly
when inserting vanadium. This implies again that nonradiative

a) Emission spectrum
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Fig. 4 a) Fluorescence observed upon exciting with 315 nm light a
terephthalic acid solution which had been subjected, with InsSs sus-
pended in it, to irradiation during increasing times with unfiltered
xenon lamp light. Time increase of the fluorescence at 425 nm
measured for (b) In,Ss and (c) V:In,Ss during irradiation with different
filtered wavelengths.
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Fig.5 Photoluminescence spectra obtained when exciting at ambient
temperature the In,Sz (blue lines) and V:In,S3 (red lines) samples with
different light wavelengths.

recombination is not enhanced by the presence of vanadium; as
said above this is predicted by theory for concentrated dopants
giving delocalized bands and agrees with experimental results.”

The most interesting result is that when exciting with light of
wavelength =700 nm (photon energy =1.75 eV) the emission at
= 2.1 eV still appears for the V:In,S; sample but not for the In,S;
sample. Therefore the effect of vanadium is not just causing a
decrease in the bandgap. This emission is definitely absent if
the excitation light wavelength is =800 nm (corresponding to a
photon energy =1.55 eV). Such generation of luminescence at
=~2.1 eV when exciting with photons having energy =1.75 eV
should not be ascribed to a mere frequency doubling due to
some nonlinear optical property (as could arise, for example,
from local breaking of centrosymmetric character near the
vanadium dopant); in such a case the effect should be observed
also when exciting with =1.55 eV photons. The fact that it is not
so supports the interpretation that the bandgap is split asym-
metrically by the V-induced IB, so that only when the incident
light has energy greater than the larger of the two partial gaps
(estimated to be around 1.65-1.7 eV from the results obtained
here) can the two-photon cooperative process take place. Also,
when changing the intensity of the exciting light, by using
different monochromator slits, by a factor of up to ca 8
(determined by measuring the integrated intensity of the elas-
tically dispersed peak at the exciting wavelength), the intensity
of the peak at =600 nm changes approximately proportionally
to that intensity, and certainly not to its square (Fig. 6a). This
rules out again a simple nonlinear optical effect.

We think that this observation can be ascribed to the already
mentioned two-photon effect and associated with the existence
of an intermediate band. Note that this =600 nm emission,
associated with the formation of electron-hole pairs separated
by the gap, behaves in a quite similar way as the photocatalytic
activity shown in Fig. 3: when originated from 400 or 500 nm
light its magnitude is similar in both samples; when originated
from 700 nm light it is a fraction of the former one for V:In,S;
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Fig. 6 Dependence of 595 nm photoluminescence intensity
measured at ambient temperature for V:In,Sz on (a) intensity of
exciting light at 700 nm and (b) exciting light wavelength; the latter (red
line) is compared with that measured for In,S3 (blue line).

but is negligible for In,S; and when originated from ca. 800 nm
light it is practically null. This is appreciated more clearly in
Fig. 6b, in which the emitted light detected at 595 nm is
monitored as a function of the exciting wavelength. Beyond the
contribution at ca. 600 nm due to the elastically scattered light
the curves show that there is significant intensity emitted at 595
nm for the V:In,S; sample, but not for the In,S; sample, under
excitation by photons having lower energy than the bandgap,
and the range in which this is observed agrees rather well with
the range in which photocatalytic activity is displayed by the
former sample but not by the second one. All together, this
means that the excitation produced by sub-bandgap photons
can produce electrons and holes at the edges of the host
semiconductor gap via the two-photon process, and these
carriers can be practically used in electron transfers across the
interface of the material, driving chemical reactions. Presum-
ably the same charge transfer can be used to drive a photovol-
taic device.

Quantum modelling of the material

Considering our previous DFT calculations, which predict the
formation of an 1B within the In,S; gap upon partial substitu-
tion of octahedral In by V,"* the spectral response extension
observed can be ascribed to the effect of such an IB. Of course,
the said effective bandgap around 1.65 eV would correspond to
the larger of the two sub-bandgaps involved in the IB system.
Excitation across the smaller sub-bandgap could occur as well
with absorption of light of longer wavelengths (as indeed
observed in the spectrum), but would not give rise to photo-
catalytic activity since such photons cannot produce the exci-
tation across the larger sub-bandgap which is necessary to
complete the process. In contrast, the photons able to produce
the larger sub-bandgap transition can of course excite also the
smaller sub-bandgap transition, and can therefore sustain the
two-photon process. It is noted that the ratio between sub-
bandgap widths resulting from these results (ca. 3 : 1 or more)
does not approach well the optimum one for photovoltaics (ca.
2 : 1); still, the material may serve to test effectively the opera-
tion of the IB PV scheme.

An additional information of interest is, whether the 1B is
located closer to the CB or to the VB. The experimental data
described above concerning optical and photocatalytic
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properties of the V:In,S; system are compatible with both situa-
tions, but other experimental results could depend on which of
these situations prevails. For example, one could try to detect
spectroscopically (using fluorescent or EPR-detectable probes)
which type of trapped carriers are produced upon irradiation
with low energy photons which are able to excite only transitions
across the smaller IB-induced sub-bandgaps. Depending on the
situation one would obtain either trapped holes or trapped
electrons. Quantum calculations can in principle solve the
question, but standard DFT calculations such as those used by
the present authors in ref. 11 and 12 do not give correct bandg-
aps, and are therefore not reliable enough for this purpose.

Here we try to answer this question using state-of-the-art
many-body calculations, which are in principle more accurate
and reliable in the prediction of bandgaps. Such calculations, if
attempted with self-consistency (as indicated in the Methods
part) are computationally very expensive, and carrying them out
with the necessary accuracy for the 40-atom unit cell of the In,S;
structure is prohibitive for our present resources. One can,
however, make use of the fact that In,S; and MgIn,S, are
materials with very similar structures (of thiospinel type) and
bandgaps (around 2.0 eV**). Also, in both of them the VB and
CB are made respectively of (mainly) S (3 sp) orbitals and In (5 s)
orbitals, and after partial substitution of octahedral In by V very
similar band structures and density of states (DOS) curves arise
in GGA level DFT calculations, as shown in ref. 11. It is thus
reasonable to assume that GW-type calculations made on V-
substituted MglIn,S, (with a primitive unit cell having only 14
atoms, and therefore less costly to calculate with GW than In,S;)
will give results that can be considered a good approximation to
those which would be obtained with a similar calculation on the
V-substituted In,S; system.

The calculation was carried out starting with a primitive cell
of MgIn,S, with inverse spinel structure (i.e. the Mg atoms
occupy one half of the octahedral sites and one half of the In
atoms occupy all of the tetrahedral sites, giving a structure with
intrinsic symmetry according to space group Immd), as the
natural compound approaches that situation;" also, this
inverse spinel and In,S; coincide in having both tetrahedral and
octahedral In. One of the octahedral In atoms was then
substituted by V (the intrinsic symmetry decreasing then to the
space group €2/m). The caleulation involved computing first the
electronic structure with a self-consistent COHSEX calculation,
and obtaining subsequently (in non-self-consistent way) from
this result the GyW, electronic structure. All calculations were
performed after a full relaxation at the LDA level of both
primitive cell dimensions and atomic coordinates.

Fig. 7 shows spin-polarized densities of states (DOS) and
band structures thus computed for V-substituted MgIn,S, at the
DFT-LDA, sc-COHSEX and sc-COHSEX + G, W, levels. A partially
occupied (i.e. crossed by the Fermi level) IB appears in all three
cases in the spin-up electronic bands. The dispersion of the
individual bands is also similar in all three calculations, but the
position of the 1B within the band gap is different. The method
which can be considered more accurate (sc-COHSEX + GoW,),
produces a VB maximum to IB minimum gap of 1.40 eV and an
IB maximum to CB minimum gap of 0.35 eV. The energy
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(in eV} is, referred to the Fermi level, taken as zero.

distance between the VB maximum and Fermi level is 2.40 eV,
and from this latter to the CB minimum the distance is 0.63 eV.

It is thus noted that the overall band gap between the VB and
CB predicted by this calculation is 3.03 eV, i.e. rather larger than
the experimental bandgap found for unsubstituted Mgln,S,
(2.1-2.28 ev*®), and also larger than the onset of the main
absorption rise measured for the V-substituted In,S;,"” which
occurs at ca. 2.2 eV. It is however close to that found for
unsubstituted MgIn,S; in a similar se-COHSEX + G,W, calcu-
lation, which gave for it a bandgap of 3.04 ev* evidencing that
the insertion of vanadium in the thiospinel structure does not
alter much the intrinsic bandgap in agreement with the
mentioned similarity in the position of the main rise in
absorption occurring in the experimental optical spectrum. As
said in ref. 43, the important discrepancy found for this system
between the GW-type calculation (which normally reproduces
bandgaps well*»*) and the experimental value could be due to
excitonic and polaronic phenomena added to the typical effect
of temperature.

In any case, given this discrepancy between the GW-
computed and experimental bandgap values of the MglIn,S,
system the absolute values of the VB-IB and IB-CB gaps found
here cannot be accurate, Still, we think that it is possible to infer
from the results obtained here valid conclusions on the position
of the IB in the present system. First of all, in all the calculations
made the V-derived states form an IB partially filled and clearly
separated from the VB and CB; this observation, made already
in the initial DFT-GGA study of ref. 11, can thus be considered
valid. Secondly, in ref. 45 the sc-COHSEX + G,W, method per-
formed well when predicting the bandgap of CuGa$, (the value
found, 2.65 eV, was rather close to the experimental one of 2.4-
2.5 eV*®), and additional work® has shown that when Ga is
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partially substituted by Cr in this material, leading to IB char-
acteristics, the distance between the VB and the Cr-induced 1B
progressively increased when improving the theoretical
approach from DFT-LDA (for which this distance was found to
be smaller than the IB to CB one) through sc-COHSEX to sc-
COHSEX + G,W,, so that in the latter case the VB to IB distance
was larger than the IB to CB one. The same effect of the VB-IB
distance increasing upon improving the theory level appeared
when studying the IB features of Ti-substituted MgIn,S,.>* We
think therefore that one can give credit to the result found now,
which shows a similar trend and indicates that in V-substituted
Mgln,S, (and consequently also in V-substituted In,S;) the VB
to IB distance is larger than that between the IB and the CB.
Consequently, the absorption onset observed at ca. 1.65 eV in
the experimental spectrum of the V-substituted In,S; sample*?
can be ascribed to the electron excitation across the sub-
bandgap existing between the VB and the 1B, which would be
larger than that hetween the IB and the CB (as depicted in
Fig. 1). The distance between this observed onset and that
which can be ascribed in the same experimental spectrum to
the full bandgap transition, appearing at ca. 2.3 eV, would
correspond then to the transition between the IB and the CB.
These conclusions can be relevant for further experimental
studies which may be made on this system; for example, when
trying to ascribe to the formation of trapped electron or hole
states the effect of irradiation using photons having energy less
than half of the semiconductor band gap. In addition, the
results of this GW-type calculation imply that hot carriers
formed by the two-photon process when using photons in the
1.7-2.0 eV range would result mainly from excitations from the
IB to high energy states within the CB; i.e. electrons, rather than
holes, would be the hotter carriers in this case. This might be
relevant for the operation of any photovoltaic or photocatalytic
device that was designed for the use of such hot carriers.

To complete the study, Fig. 8a presents the imaginary part of
the frequency-dependent dielectric function of V-substituted
MgIn,S, in the UV-vis-NIR range, as computed from the GW
result (ie. at the RPA + GW level, using the sc-COHSEX + G,W,
eigenvalues), together with its separation in the contributions
of the different inter-band transitions, as computed at the same
level. Fig. 7b presents the resulting overall optical absorption
coefficient, which is related to the we, term through multipli-
cation by the (w-dependent) refractive index n, computed as well
at the same theory level. Both parts of the figure include the
corresponding result found for unsubstituted MgIn,S,. To
obtain these latter curves it is not necessary to carry out a full
optical calculation from the sc-COHSEX + G,W, results, as in
these latter curves the shape of the bands is very similar (except
for the magnitude of the gap separation) to that found in the
DFT-GGA calculations, so that it suffices using the bands
computed with DFT-GGA and adding a scissors operator which
retrieves the sc-COHSEX + G,W, gap. It should be noted here
also that the GW approach takes into account only charged
excitations. Neutral excitations (ie. excitonic effects) are
neglected in the calculation of optical properties within this
approach. However, we expect the latter to be a good approxi-
mation for intermediate-band materials, as the delocalization
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Fig. 8 (a) Imaginary part of the frequency-dependent dielectric
function in the UV-vis-NIR range computed at the RPA + GW level,
using the sc-COHSEX + GgW, eigenvalues, for V-substituted Mgin;S.,
together with its separation in the contributions of the different inter-
band transitions. The AML5G solar spectrum (in arbitrary units) is
plotted as well for comparison. (b) Resulting overall optical absorption
coefficient. In both cases the result obtained for Mgln,S, is included.

of the IB and its metallic character will screen the electron-hole
interactions giving rise to very small or even negligible excitonic
effects.

The result shown in Fig. 8b for the V-substituted system
indicates, as could be expected from the results in Fig. 7, that
the IB-to-VB transition starts at lower photon energy than the
CB-to-IB transition. The position of these onsets, however,
cannot be considered quantitatively accurate as the total
bandgap is found to be overestimated. Still, it is worth noting
that the amplitudes of the two absorption contributions in the
sub-bandgap photon range are quite comparable, which is
important since the two-photon process providing the solar
efficiency improvement in the IB scheme can only be used
optimally if the rates of both transitions are similar. It may also
be noted in Fig. 8b that the main rise in the absorption coeffi-
cient found for the V-substituted system (at photon energies
higher than those of the features observed at ca. 2.0 eV and
below, and therefore ascribable to absorptions involving mostly
the direct VB to CB transitions) appears noticeably shifted to
higher energy in comparison to that found for unsubstituted
MglIn,S,. This agrees with the difference in the same sense
found in ref. 12 between the absorption coefficients of pure
In,S; and V:In,S; in the range above 2.0 eV, but does not imply
an increase in the VB to CB gap, as evidenced by the onset of the
VB-to-CB spin up and spin down contributions to the dielectric
function presented in Fig. 8a.

Conclusions

The results presented here show that photons with energy lower
than the 1In,S; bandgap can be produced in this material, when
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part of the In atoms in it are substituted by V atoms, electrons
and holes at the CB and VB edges that can be transferred at the
interface to the external medium with quite similar effective-
ness as those which in non-substituted In,S; can be generated
only by photons having energy higher than its bandgap. Use of a
fluorescent probe evidences that the chemical process involves
OH radicals as is typical of photocatalysis in the aqueous phase.
The results support the prediction made earlier that partial
substitution of In by V in In,S; produces an intermediate band
(IB) of the kind that may enhance the efficiency of photovoltaic
cells. Furthermore, it shows that the IB scheme can indeed
operate efficiently (at least in photocatalytic processes) if
implemented in a monophasic absorber of the type proposed
here, in contrast with the quantum dot-based alternative which
has inherently small sub-bandgap absorption coefficients.

Quantum modelling of the electronic structure of this
system with a many body (GW-type) method suggests that the
larger of the two sub-bandgaps in which the IB divides the
intrinsic gap of the In,S; host corresponds to the separation
between the VB and the IB Fermi level, which would be about
1.65 eV; the IB Fermi level to CB separation would be then
around 0.45 eV. This assignment may be relevant for further
experimental mechanistic studies, using e.g. fluorescent probes
or EPR spectroscopy, on the generation of trapped hole or
electron states upon irradiation with sub-bandgap photons. The
results imply also that the mentioned hot carriers correspond
mainly to hot electrons, which might have practical conse-
quences as well.

Since In,S; is a material well known in thin film PV, making
a solar cell having an absorber based on it which may serve to
test the concept should be feasible. It should be noted also that
for the similar system V:MgIn,S, the absorption coefficients
computed from the GW results for both sub-bandgap transi-
tions are similar, so that these latter may occur in V:In,S; in a
well-balanced way, as is desirable, during the photon conver-
sion process.

Finally, the wide range of light that can be used by this
system in photocatalytic processes, covering the full visible
spectrum, might allow a good use of this material not only in
traditional disinfection and purification applications of photo-
catalysis but also in other solar energy harvesting schemes like
those leading to photocatalytic or photoelectrochemical
hydrogen generation from water. It is fortunate in this respect
that the VB and CB positions in In,S; straddle conveniently the
potentials of the H'/H, and OH /O, redox pairs (as also do
those of SnS,, the other system previously proposed by us™ as
the IB material).*”
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