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Intermediate-band (IB) photovoltaic materials are designed to absorb a wider range of the solar spectrum by
dividing the gap with a set of bands that plays a mediating role in two-step absorption processes. Thus far, the
conventional model of IB absorbers has been focused on a single half-filled IB. We show that a multiple-IB picture
with filled and empty bands provides a more convincing explanation of the experimental findings in some cases,
and it should be considered as a possible scenario in understanding and engineering IB solar cells. Toward that
end, we report the formation of two sets of IBs in a Ti-substituted CuGaS, compound. Using hybrid functional
calculations within the density functional theory framework, we show that the lower IBs are occupied and mainly
derive from the Ti 3d,>_,» states, while the higher ones originate from the Ti 3d» states and are unoccupied.
The positions of the IBs within the gap are found to depend weakly on the dopant concentration and the relative
distances of the dopant ions. In addition, for a more pertinent comparison to real materials, we present a practical
way to combine and analyze the densities of states resulting from the energetically most probable microscopic
structures. This multi-intermediate-band picture provides a platform to comprehend unexplained features of the

recent experimental study on the material [X. Lv et al., Solar Energy 103, 480 (2014)].
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I. INTRODUCTION

Third-generation photovoltaics have received a lot of
attention due to the increasing demand for highly efficient
sustainable energy production. Substantial advances have been
made in the field of so-called intermediate-band (IB) solar cells
[1]. The main theoretical basis for this idea was developed by
Luque and Marti [2], motivated by a report on fabrication of
a novel silicon solar cell [3], which had higher efficiency than
the theoretical limit for p-n junction based solar cells [4].
Luque and Marti proved that introducing bands in the middle
of the absorber’s gap can ideally increase the efficiency of cells
beyond the Shockley-Queisser limit. Later, they showed that
under ideal conditions, the efficiency of IB solar cells can even
exceed the efficiency of a tandem cell in which two cells are
connected in series [5].

Recently, significant attention has been paid to creating
an IB solar cell by manipulating copper-based chalcopyrites,
which are one of the most used materials in industrial solar cells
[6-11]. A set of studies suggests doping with transition metals
as a possible solution, and preliminary electronic structure
and thermodynamic calculations have been performed for such
systems [6,7,9,12,13]. Some of those studies led to experimen-
tal fabrication of IB solar cells [10,11,14], which demonstrates
the importance of computational modeling in this rapidly
developing field. Very recently, Ti-doped CuGaS, (Ti-CGS,
doping concentration ~6.7 x 10?° cm™®) was synthesized
through a solvothermal process, and a significant absorption
increase was demonstrated [14].

This bloom in experimental advancements and findings
[10,11,14-19] needs to be supported by theoretical efforts
to foster faster and further improvements of IB solar cells.
Accurate calculations serve this purpose the best and even
help to refine some of the basic assumptions. In this work, we
show that the conventional half-filled picture of the IBs is not
necessarily the only way to understand, analyze, and engineer
this class of materials. Using density functional theory (DFT)
calculations with a hybrid exchange-correlation functional, we
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study the structures, energetics, band gap, and energy-level
positions generated by doping Ti on Ga-substitutional sites in
different geometries. We show that actually two sets of IBs are
induced by Ti dopants, offering a better explanation for the
experimental absorption spectra.

II. COMPUTATIONAL DETAILS

A true assessment of the optical properties of doped
materials requires advanced methods that can predict the
electronic structure, particularly the band gap, with an ac-
ceptable accuracy. Therefore, we use a hybrid exchange-
correlation functional [20-25], HSE06, that has shown a
significant improvement in accuracy with respect to many
other functionals and methods, particularly for band-gap
estimations. While even advanced many-body methods such
as GoW, or scCOHSEX fail to predict the band gap of CGS
with acceptable accuracy [26], our calculations predict the
value of 2.20 eV for the band gap, which is very close to the
experimental range (2.4-2.53) [27-31] and shows that HSE06
suits our purpose well.

For the bulk calculations, we used a rectangular chalcopy-
rite supercell of 16 atoms (the structure CusGaySg, space group
122:142d). In a set of calculations with converged parameters
[32-34], we relaxed the cell vectors to minimize the total
energy and atomic positions until all forces on every individual
atom are smaller than 0.01 eV/ A.

The relaxed cell parameters are a = 5.361 A and ¢ =
10.539 A, which are in very good agreement with the
experimental values [a = 5.3512(6) A, ¢ = 10.478(3) A]
[35]. We obtain the relaxed anion displacement parameter,
u, to be 0.2557, which is within the experimental range of
[0.25, 0.275] [36-38].

Next, we construct and optimize the doped structure.
Experimental evidence [14], based on Raman spectroscopy,
x-ray photoemission spectroscopy (XPS), and x-ray diffraction
(XRD) characterization, shows that Ti atoms replace Ga at
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substitutional sites and acquire the 3+ ionization state. We
therefore performed a cell and ionic relaxation on the same
supercell as above when one Ga atom is replaced by one Ti
atom, and we calculated the cell parameters to be a = 5.336 A,
¢ =10.766 A. The cell volume increases due to the fact that
the atomic radius of Ti>* (0.76 A) is larger than that of Ga’*
0.62 10\). Moreover, the tetrahedral structure that Ti adopts
with the four nearest-neighbor S atoms is not perfect after
the relaxation, and two of the Ti-S bond lengths are slightly
shorter than the other two (by less than 1%). This lowers the
point group symmetry from 7 to Cs,.

In this article, we will mainly concentrate on the results
for a 64-atom-supercell (duplicating the pristine cell in the
X and § directions) where two Ga atoms are replaced
by Ti so that we have Cu;sGa4Ti,Ss, structure. Such a
choice allows the study of various inherently existing random
structures due to the growth process. The structure corresponds
to a dopant concentration close to the experimental one
(~1.7 x 10*" cm™3). Having two titanium atoms in the
structure, we can study the effect of the random distribution
of dopants on the electronic structure of the system. Further-
more, it enables spin alignment degrees of freedom of the
system.

As we pointed out above, the volume relaxation for the
smaller structure was not significant (1.2%). Therefore, in the
64-atom cases with one or two dopants, we keep the pris-
tine cell parameters fixed (a = 10.722 A, ¢ =10.539 1&),
but the atomic positions are relaxed with a Perdew-Burke-
Ernzerhof (PBE) functional. In the electronic structure calcu-
lations, however, we use HSE06 functionals.

III. RESULTS AND DISCUSSIONS

Considering the random substitution of two Ga atoms by
Ti, there exists a set of possible combinations. We divide these
combinations into four distinct classes of configurations based
on the rough relative distance between the dopants (R), taking
into account the periodic boundary condition. Let us assume
that the first atom is replaced in the center of the cell. The
possibilities for the second replacement are as follows: four
atoms with R = 3.81 A (2Ti-S), two with R = 5.36 A (2Ti-
M), eight with R ~ 6.5 A (2Ti-L), and one with R ~ 7.58 A
(2Ti-XL) [39]. The last case posed numerical problems and
will not be discussed.

We chose one structure from each class and performed spin-
dependent calculations with two different constraints on the
number of spin components. Namely, the difference between
spin-up and spin-down components is forced to be either zero
or two, and it is referred to as “spin-compensated” and ““spin-
polarized,” respectively.

All results are tabulated in Table I. The spin-polarized
2Ti-L structure is energetically the most favorable structure,
followed closely by 2Ti-M, where the spin-compensated
and spin-polarized cases are basically degenerate (differing
by 0.003 eV). Therefore, we can conclude that all three
configurations could in principle exist at room temperature,
although they have different weight factors. It is worth pointing
out that we do not take spin-orbit coupling into account in these
calculations, since we do not expect it to have a meaningful
effect on our analysis.
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TABLEI. The difference between the calculated total energies of
different configuration classes. The class abundance or frequency in
the calculated supercell ( f), and the dopant relative distance for each
class (R), are also shown.

Configurations f R AE (eV)
2Ti-S 4 3.81 A

Polarized 0.335
Compensated 0.298
2Ti-M 2 5.36 A

Polarized 0.027
Compensated 0.024
2Ti-L 8 ~6.5 A

Polarized 0.000
Compensated 0.204

A schematic comparison between the electronic structure
of the pristine and the two different doped structures is given
in Fig. 1. The states are aligned with respect to the lowest
eigenenergy of the Ga 3d states. In all cases, the presence of
Ti dopant atoms lowers the valence-band maximum (VBM),
and pushes the conduction-band minimum (CBM) up, hence
it widens the band gap to ~2.85 eV.

It is worth mentioning that the band gap increases with
dopant concentration. We calculated the band gap for one and
four Ti-substituted atoms in a 64-atom structure, to be ~2.3
and ~3.05 eV, respectively. Moreover, the element-specific
projected density of states (PDOS) shows that the VBMs in
both pristine and doped structures are mainly made of Cu
and S orbitals, while the CBM is mostly made of Ga and
S orbitals in pristine and mainly Ti orbitals in the doped
structures [Fig. 2(a)].

More importantly, the Ti atoms induce two sets of inter-
mediate bands in the lower and upper part of the band gap,
where the lower one is filled and the upper one is empty.
In each of these sets there are two spin bands, and in the
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FIG. 1. (Color online) Schematic view of the energy-level posi-
tions for pristine and three differently doped structures.
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FIG. 2. (Color online) (a) The element-specific projected DOS for the 2Ti-L spin-polarized structure and (b) combined DOS made of
the DOS of three different configurations, namely the 2Ti-M spin-polarized and spin-compensated configurations, as well as the 2Ti-L
spin-polarized configuration, mixed with their corresponding weight factors. Note that an additional broadening of 0.05 eV has been applied.

spin-polarized configurations the upper and lower IBs are
derived from the same spin component. We also verified that
for other concentrations (one or four Ti dopant atoms in the
64-atom supercell), the IBs form roughly at similar distances
from the VBM and the CBM, which suggests a fairly universal
behavior exhibited by Ti as a dopant at Ga-substitutional sites.

Figure 2(a) illustrates the PDOS around the band gap of the
2Ti-L configuration, together with the share of each element
in the IBs. The lower IBs consist mainly of titanium d orbitals
(~60%) and the rest originates from the copper d orbitals
(~20%) as well as sulfur p orbitals (~17%). Gallium s and p
orbitals contribute less than 5% to the lower IBs. For the upper
IBs, titanium d orbitals are building ~75% of the DOS, while
sulfur (s and p), copper (s, p, and d), and gallium (s and p)
each contribute ~8%.

The formation of IBs can be explained as follows. In the
pristine material, the oxidation states of the elements are Cu™,
Ga**, and S?>~. Now if a Ga** ion is replaced by a Ti ion,
it tends to have the same oxidation state and hence is in the
Ti** state. Thus one 3d electron remains localized on the
titanium ion and it forms a band in the middle of the gap. Lv
et al. confirmed these oxidation states with the help of XPS
experiments [14].

We also investigated the hybridization of the titanium 3d
orbitals in the IBs. According to the crystal-field theory for
the T; point-group symmetry, the d.> and d,>_,> orbitals are
energetically the lowest and degenerate. However, in the case
of Ti atoms, the degeneracy is lifted: the d,>_,» orbitals mainly
form the lower IBs, while the d,» orbitals construct the higher
IBs, and their energy difference is ~2 eV. Our PBE calculation
found the splitting to be 0.2 eV, which shows the effect of
using hybrid functionals in adjusting the split. However, such
a large splitting by hybrid functionals is not unprecedented.
For instance, Stroppa and Kresse [40] observed a very similar
large splitting in Mn-doped GaN, and the results were sup-
ported by more accurate G W, calculations and experimental
evidence.

Although the aforementioned point-group symmetry low-
ering, from 7, to Cy,, might induce a slight degeneracy lift
(on the order of 100 meV), it cannot account for such a large
energy difference. We thus interpret this splitting as an effect of
different levels of hybridization and localization of the orbitals.

Figure 3 illustrates the spatial distribution of (a) the lower
and (b) the upper IB states for the 2Ti-L spin-polarized case.
From the figure, the d,>_,» and d,» shapes of Ti d orbitals are
easily recognizable in the (a) and (b) parts, respectively (the z
axis is normal to the plane of the figure).

Additionally, other valuable facts can be extracted from
comparing the density of states. First, the electronic density of
the upper IBs is much more localized on titanium sites than
that of the lower IBs. Secondly, only those sulfur atoms that are
immediately bonded to titanium atoms contribute to the IBs.
However, all the copper atoms in the supercell have roughly an
equal contribution to the electronic density of the lower IBs,

FIG. 3. (Color online) Cu» @, Ga» @, S» @, Ti» @. Spatial
distribution of DOS for the (a) lower and (b) upper IBs of the 2Ti-L
structure. Titanium atoms and their sulfur ligands are shown in bright
colors while other atoms are shown in dull colors. The z axis is normal
to the plane. Notice that Ga atoms carry no DOS in this particular
isosurface, although it might seem so in the two-dimensional view.
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while they do not play a significant role in the upper bands.
This shows that the Ti-Ti interaction is largely mediated by
copper electrons in the occupied states. Finally, we also see
that the contribution of gallium atoms to IBs is negligible in
both cases.

As mentioned earlier, three of the studied configurations
can exist at room temperature since their energy difference is
within thermal energies. As is shown in Fig. 1, the CBM and the
VBM have the same energies for all these configurations, but
the energy positions of IBs vary. In the following, we introduce
a practical analysis, denoted combined DOS analysis, to better
assess the actual density of states (band-gap width, IB width,
etc.) that can be probed in the experiment. Considering our
set of systems as forming a thermodynamic ensemble, the
most probable microstates at room temperature, based on the
formation energy, are both spin-polarized and compensated
2Ti-M, and the spin-polarized 2Ti-L. In addition, we assign
the appropriate weight factor to the DOS of each microstate:

e PE

‘/I/i =Jis 7 —z7
f Zi fig*/gEi

ey

where f is the number of possible combinations in the class
of structures which are (or in the 2Ti-L case, are assumed
to be) geometrically equivalent, E is the formation energy
of each microstate, and 8 should be calculated at the growth
temperature. In this work, room temperature was used since
in Ref. [14] the system was naturally annealed to room
temperature. Here the weights are 0.31, 0.27, and 0.42 for
the spin-polarized and compensated 2Ti-M, and spin-polarized
2Ti-L, respectively. The resulting DOS is shown in Fig. 2(b). It
can be seen that both IB bands become approximately as wide
as 0.3 eV, which is wider than IBs in any of the configurations
[e.g., Fig. 2(a)]. Therefore, the IBs are both closer to each
other and to the VBM and CBM. These distances might change
somewhat depending on the concentration of dopants.

In light of our calculations, the experimental results of
Lv et al. [14] can be understood and clarified fairly well. In
Fig. 4(a) of their work, the experimental absorption spectrum
is shown. There, the main peak of the absorption spectrum of
CuGaS, appeared at around 2.5 eV and it was attributed to
the band gap of the system, while in the doped system this
peak was shifted to higher energy. The shift confirms that,
as we showed in the calculations, the presence of titanium
increases the band gap of the doped structure. The amount
of this increase (~0.4 eV) is in good agreement with the
calculated increase from 2.20 eV to ~2.73 eV [see Fig. 2(b)].
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In addition, in the experimental results of Lv er al. [14],
three absorption edges are identified. The authors concluded
that due to the IB, there are two additional sub-band-gap
responses at 0.92 and 1.75 eV. However, the absorbance is
relatively high also well below 0.92 eV, and some weak
absorption edges could be present in the range of 0.6-0.9 eV.
We believe that these could signal other absorption processes,
and they may be related to the two sets of IBs in the band gap
that we report. The low-energy absorbance can be explained
by the fact that the two IB sets in the band gap are close to the
VBM and CBM.

Finally, it should be noted that to fully explain the
experimental observations, further systematic calculations are
needed. For example, the excitonic effects and relaxation after
the system absorbs a photon should be taken into account. The
current calculations, nevertheless, provide the starting point to
refine our understanding of the working principles of this class
of materials.

IV. CONCLUSIONS

With a state-of-the-art hybrid functional calculation, we
showed that Ti-substitutional doping of CuGaS; universally
increases the band gap and induces two sets of intermediate
bands. The multi-intermediate-band picture reported here is
consistent with the recent experimental findings. We also
examined the different possible substitutional configurations
and found a systematically similar behavior. We therefore
conclude that the conventional single (half-filled) IB picture
should be extended to include a multiple (filled and empty) IB
scenario.

These results and the gained insight widen our understand-
ing and influence the efforts to engineer better and more
efficient IB solar cells. They also call for further theoretical
study on the efficiency of IB materials, including the new
extended picture. Moreover, we suggest element-specific x-ray
spectroscopy studies on this particular compound to probe the
nature of the crucial d states of Ti and their interaction with
the host material.
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