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Ferromagnetic alloy for high-efficiency
photovoltaic conversion in solar cells: first-

principles insights when doping SnO, rutile with

coupled Eu-Gd

A. Fakhim Lamrani (2 *

From results of first-principles all-electron full-potential augmented spherical-wave calculations within

a generalized gradient approximation, a materials design for half-metallic ferromagnetic semiconductors

based on (Eu,Gd)-doped SnO, rutile is proposed. Moreover, their half-metallic ferromagnetic properties

are homogenous and energetically stable for different crystallographic directions. Therefore, the

interatomic exchange interaction between the spins of double impurity ions is a

long-range

ferromagnetic interaction that is sharply weakened when the distance between Eu—Gd increases. The

double impurities most likely substitute adjacent Sn sites and result in strong ferromagnetic interactions

by p—f hybridization between rare earth 4f and Op states. There is great interest in the configuration that

has the lowest energy difference, where the double impurity substitutes the nearest neighbor Sn sites

along the z-axis of SnO, rutile. Generalized gradient approximation GGA and GGA+U calculations were

performed. According to our revPBE-GGA calculations, the ferromagnetic compound is capable of

absorbing 96% from the visible light. Furthermore, the transport properties at room temperature ensure

excellent electrical conductivity, low thermal conductivity, and the most optimal figure of merit (Z7),
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which leads to high thermoelectric performance. As the latter are closely related to free flow charge

carriers, we can subsequently predict that the ferromagnetic alloy will be able to be a great power
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1 Introduction

Because of their many favorable attributes, oxide-based diluted
magnetic semiconductors (DMS), particularly SnO,, are highly
appropriate for constructing spintronic devices compared to
non-oxide-based DMS." Because of the physical properties of tin
oxide (SnO,), which include excellent optical transparency,
metal-like conductivity, and high chemical stability, it is
a highly multifunctional material with widespread applicability.
Many great developments have also occurred in condensed
matter physics for the creation of innovative functions.*?
Since the observation of high-temperature ferromagnetism
in Co-doped SnO, films by Ogale et al.,* and the development of
a transparent ferromagnet with a Curie temperature of 610 K in
Fe-doped SnO,,* a large number of experimental and theoretical
investigations have been performed using tin oxide doped with
alkaline earth metals, transition metals, and rare earth ions.*™°
Although several research groups have delved into the study of
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source for highly effective photovoltaic conversion in solar cells. Further experimentation will be
necessary to obtain confirmation of our ab initio predictions.

spintronics coupled with optoelectronics, the field has been
largely left untouched. Specifically, the production of solar cells
based on ferromagnetic DMS has not yet been accomplished,
and it may be a key material used in the future technology of
solar cells. Indeed, ferromagnetic materials may display
enhanced lifetimes of excited states due to spin-dependent
transition selection rules, which have not yet been classified.
For a photovoltaic energy conversion system, long lifetimes of
excited states are important because they increase performance
and provide the opportunity for photogenerated carriers to be
collected. Currently, the main problem with photovoltaic solar
cells is the conversion efficiency limitation,**** which remains
due to the discord between the solar incident spectrum and the
spectral absorption of the cell's material.

Some methods have been improved that consist of modi-
fying the solar spectrum by a wavelength conversion process to
render highly effective photovoltaic conversion. There are
promising up- and down-conversion approaches that are real-
ized by doping host matrices with rare earth elements.**>¢

Because of the electronic structure and susceptibility of
magnetic and optical properties of doped SnO, to experimental
conditions, it is preferable to conduct investigations utilizing

© 2021 The Author(s). Published by the Royal Society of Chemistry
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theoretical calculations. Hence, the current study intends to
examine the oxide-based semiconductor, SnO, rutile doped
with double rare-earth impurities (two different ones), rather
than the traditional single impurities, using first-principles
insights. Thus, after identifying the exact substitution sites of
the couple Eu/Gd in the host matrix of SnO, rutile, we
attempted to understand the electronic, magnetic, and optical
properties of (Eu,Gd)-doped SnO, rutile. Our objective behind
this research is twofold:

A. To supply a more accurate and complementary study on
the electronic structure, and to describe the magnetic ground
state of Sn;4EuGdO;, using first-principles calculations based
on revPBE-GGA. Then, we introduce results from revPBE-
GGA+U calculations.

B. To understand the rendering of this ferromagnetic DMS
under natural light, which is predominantly in the visible
region, and its ability to participate in photovoltaic conversion
in a solar cell.

2 Theoretical method

The calculations are based on density functional theory and the
generalized gradient approximation (GGA)*” with the local
density approximation parametrized according to Vosko, Wilk
and Nusair (VWN).”® They were performed using the scalar-
relativistic implementation of the augmented spherical wave
(ASW) method (see ref. 29-31 and references therein). With the
ASW method, the wave function is expanded in atom-centered
augmented spherical waves, which are Hankel functions and
numerical solutions of Schrodinger's equation, respectively,
outside and inside the so-called augmentation spheres. In order to
optimize the basis set, additional augmented spherical waves are
placed at carefully selected interstitial sites. The choice of these
sites as well as the augmentation radii were automatically deter-
mined using the sphere geometry optimization algorithm.*

Self-consistency was achieved by a highly efficient algorithm
for convergence acceleration® until the variation of the atomic
charges was smaller than 108 electrons and the variation of the
total energy was smaller than 10~® Ryd. The Brillouin zone
integrations were performed using the linear tetrahedron
method with up to 6 x 6 x 9 k-points corresponding to 324 k
points within the irreducible wedge.*"** In the present work, we
used a new full-potential version of the ASW method, which was
implemented only very recently.® In this version, the electron
density and related quantities are given by a spherical
harmonics expansion inside the muffin-tin spheres. In the
remaining interstitial region, a representation in terms of atom-
centered Hankel functions is used.*® However, in contrast to
previous related implementations, it is unnecessary to use a so-
called multiple-k basis set, and this allows for a very high
computational speed of the resulting scheme.

SnO, possesses tetragonal symmetry in the rutile structure.
The rutile structure is characterized by two lattice parameters, a =
4.7373 A and ¢ = 3.1864 A.”” The unit cell contains two metal
atoms (Sn) at positions (0, 0, 0) and (1/2, 1/2, 1/2) and four oxygen
atoms (O) at positions + (i, u, 0; 1/2 + u, 1/2 — u, 1/2) with u =
0.306. Each Sn atom is in the central site of an octahedron, which

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The GGA total and partial DOS of SnO, rutile.

is formed by four rectangular basal O atoms (O;) and two vertex O
atoms (0,). Using the integer multiple representations of the
primitive lattice vectors a, b, and ¢ of the conventional SnO, cell,
the geometry of an undoped 2 x 2 x 2 supercell containing 48
atoms (Sn;603,) was determined. In order to model a composition
Sn;_,Eu,0,, Sn,_,Gd,0,, and Sn;_,,Eu,Gd, 0O, for x = 0.0625, one
and two different Sn atoms are substituted. Two possible
couplings [ferromagnetic (FM) and antiferromagnetic (AFM)] have
been considered, between the double impurities.

3 Results and discussion
3.1 Electronic properties

First, we confirmed the electronic structure of the parent
material without any doping elements. Fig. 1 displays the
revPBE-GGA total and partial density of states (DOS). The overall
band structure of the present full-potential augmented spher-
ical wave (FPASW) result is consistent with the existing
results.*®* It can be viewed that the majority-spin and minority-
spin are symmetrical, which signifies that the tin oxide rutile is
a nonmagnetic material. Indeed, the valence band is chiefly
dominated by O-2p orbitals and is full, whereas the conduction
band is principally formed by Sn-5s and is empty.

As usual in the GGA calculations, the obtained energy gap of
2.4 eV is underestimated. In fact, this shortcoming is well
known, and compensation is applied by employing the GGA.*
In particular, we find a valence band width of 7.7 eV in accor-
dance with the experimental data (7.5 €V mentioned in ref. 41)
and the preceding first-principles technique (7.9 eV and 8.8 eV
mentioned in ref. 42). The optimized bulk cell parameters for
pure SnO, with FPASW-GGA* are in accordance with experi-
mental values®”** and other theoretical values.*> This clearly
illustrates that our calculation is similar to the experimental
ones. A strong correlation was applied to Op-electrons (Ug =
6.25 eV), and Fig. 2 pragmatically illustrates the GGA+U calcu-
lation of the band structure of SnO, rutile. As a matter of fact,
the GGA+U method satisfactorily*® enhances the energy gap in
comparison with revPBE-GGA (3.6 vs. 2.4 eV), and provides
stronger agreement with the experimental data.”” Additionally,
the application of the Hubbard coefficient to the anion p states
has a great impact on the correction of the gap energy.
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Fig. 2 The GGA+U band structure of SnO; rutile.

3.2 Electronic and magnetic properties

Prior to discussing the half-metallic ferromagnetic properties
and high effectiveness of the photovoltaic conversion of SnO,
rutile doped with the couple Eu/Gd, we initially examined the
electronic structure and the magnetic properties of SnO, rutile
doped with simple rare earth. Fig. 3(a) and (b) show the revPBE-
GGA, the projected local DOS (PLDOS) for Sng o375EU0.062502,
and those for Sngy g3,5Gdog ¢6250,. However, the PLDOS reveal
that the europium impurity in the SnO, matrix is a magnetic
semiconductor. On the other side, we obtained a half-metallic
magnet for Gd-doped SnO, rutile. From Fig. 3(a), three groups
of energy levels for Eu 4f in the spin-up states can be observed
and partially filled. One exists at the valence band edge, the
second is at the limit of the Fermi level, and the third one is
above the Fermi level and is completely empty, while the spin-
down-induced states, which are at the minimum of the
conduction band, are completely empty. Therefore, the occu-
pied electronic configuration of Eu-4f in Sng g375EUg 062503 i £,
as presented in Table 1, and it is justifiable according to the
analysis of the local magnetic moments of the impurities and
the oxidation states from the charge carrier's occupancy in the
4f orbital. In contrast, it is clear from Fig. 3(b) that the Gd-based
system is half-metallic [i.e., for spin-up, states are available,
whereas for spin-down, they are not available at the Fermi level].
A careful analysis of PLDOS indicates that the majority spin
channel of Gd-4f is located at the top of the valence band and
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overlaps with O-2p orbitals at the Fermi level E;. Table 1 shows
that the main part of the total magnetic moment comes from
the gadolinium atom, which suggests that the Gd impurity
doped in Sn0, has a magnetic configuration of 4f°.

To more precisely study the electronic structure and to
describe the magnetic ground state of the couple europium-
gadolinium-doped tin dioxide, we have: Sn; ,,Eu,Gd, O, (x =
0.0625). In fact, we performed the revPBE-GGA calculation for
modeling the effect of interatomic exchange interactions via
following a simple model that consists of altering the distances
between double rare earth ions in the supercell. Furthermore,
three separations were realized, by the fixed Eu ion at the origin
of the supercell, [000], and the other ion (Gd) moving along
different crystal directions. The 3.2 A corresponds to a double
impurity substitution of the nearest neighbour Sn sites along
the z-axis of SnO, rutile, which indicates that Gd is placed at the
site of [001], while 5.7 and 7.42 A corresponds to farther Eu-Gd
separations with Eu-O-Sn-O-Gd configurations along the
plane [011], and diagonal direction [111], respectively (Table 2).

For each Eu-Gd separation, ferromagnetic (fero) and ferri-
magnetic (feri) alignments of rare earth spins were considered.
The total energy difference AE; (AE = E" — E®™) between these
two alignments is a measure of interatomic exchange interaction.
In Fig. 4, we plotted the energy difference between ferromagnetic
and ferrimagnetic configurations vs. Eu-Gd distance in the unit
cell for Snggy;5EU00065Gd0g0650,. Ferromagnetic interaction
between rare earth spins is favoured for all distance, and therefore,
the exchange interaction between double impurity ions is a long-
range ferromagnetic interaction, and it is weakened as the
distance between Eu-Gd increases. Hence, the half-metallic
ferromagnetic properties are homogenous in different crystallo-
graphic directions. As a matter of fact, the first nearest neighbour
exchange interaction in the bonding direction Eu[000] — Gd[001]
is the strongest, as shown in Fig. 4, where AE decreases sharply
with dgy_gq. This suggests that the rare earth impurities might
cluster together during sample growth, rather than distribute
themselves evenly over the lattice.

For the farther Eu-Gd separation of 5.7 A, where there is no
O-2p atom between europium and gadolinium, this corre-
sponds to the Eu-O-Sn-O-Gd configuration along the plane

Sn,_,Gd,O, x=0.0625
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(a) Projected local DOS for Sng 9375EUg 062502, (b) Projected local DOS for Sng ¢9375Gdo.062502. Fermi level is set at zero.
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Table 1 Total energy E;, energy gap Eg, moment total m. and partial meo, and mgg 4¢ for SnO; rutile doped with simple and double rare earth

Sng.0375EU0.062502 SNy.9375Gdo.062502

Sny.575EU0.0625Gd0.062502

Sno.575EU0.0625Gd0.062502 Sno.575EU0.0625Gd0.062502

Compounds GGA GGA GGA GGA+Ug GGA+Ug gy, and Gd
Mar (M) 5.2 6.14 Mgy = 5.14; Mgq = 6.31 Mgy = 5.2; Mgq = 6.34 Mgy = 5; Mgq = 6.8
mo (Ug) —0.034 —0.042 —0.11 —0.12 0.23

my (ug) 5 6 11 11 13

Eq (eV) 0.33 2.54 2.65(C'to 1) 3.85(C'to ) 1.65 (T to X)

E; (Ryd) —211836.148134 —212690.544629 222024.823722 222016.089220 222015.833623

[011]. The coupling between spins of double rare earth impurity
ions is still important in comparison with that mentioned in Co-
and Fe-doped SnO, rutile.” In addition, for the [111] direction,
the coupling sharply decreases because the Eu-Gd separation is
farther and is not communicated by the O-2p diagonal direc-
tion. Fig. 5(a) and (b) show the total and partial density of states,
respectively, calculated by revPBE-GGA, for an Eu-Gd separa-
tion of 3.2 A. The occupied electronic configuration and PLDOS of
the 4f orbital in the unit cell for Sny g;5EU¢.065Gdo.06502 appear very
similar to those of the single rare earth-doped cases illustrated in
Fig. 3(a) and (b). This explains that the kinetic energy gain through
the hopping of spin-polarized carriers between Eu and Gd ions
does not appear to occur as long as there is no sign of charge
transfer between Eu and Gd. Therefore, the double-exchange
mechanism will not be effective in Sn,_,,Eu,Gd,0O,.

On the basis of these data, we can explicate the robust
ferromagnetism in the [001] and [011] directions by the p-f
exchange mechanism, which weakens along the [011] plane. On
the other side, the exchange interaction between spins of
double rare earth in the Eu[000] — Gd[111] diagonal direction
cannot be mediated by p-f hybridization because the value of
AE is smaller in comparison with the other cases. Additionally,
this study allows us to identify the exact substitution sites of the
double rare earth impurities, Eu and Gd ions, in the SnO,
matrix. It was found that the lowest difference energy corre-
sponded to the case where the couple Eu/Gd substituted the
nearest neighbor Sn sites along the z-axis of the unit cell
Sny g75EUg 065Gdg.06502. Therefore, these two rare earth impu-
rities are likely to be located at adjacent Sn sites, and these also
interact through bridging O atoms, resulting in the p-f
hybridization between the rare earth 4f and Op states.

Table 2 The ferromagnetic and ferrimagnetic energy, the energy gap
Eg, and partial mo, mge 4 vs. Eu—Gd distance in the unit cell for
SNo.875EU00 065Gd00 06502

du-ca = 3.2 A diuca = 5.7 A dpugq = 7.42 A
Eu[000] — Eu[000] — Eu[000] —
dpy-ca (A)  Gd[001] Gd[o11] Gd[111]
Erero (Ryd)  —222024.828722  —222025.416400 —222024.056243
Eperi (Ryd)  —222024.801777 —222025.407732  —222024.055023
Eg direct  2.65 2.764 2.81
(eV)
Mgy (us) 5.14 5.153 5.15
Mea (us) 631 6.221 6.20
mo (up) -0.11 —0.067 —0.053

© 2021 The Author(s). Published by the Royal Society of Chemistry

Although this configuration has the lowest energy difference,
in order to apply the Hubbard coefficient on the anion p states
for reproducing the experimental band gap (3.60 eV) of the host
system and treat the strongly correlated 4f electrons of double
rare-earth impurities, the GGA+U approach was employed in
addition to the generalized gradient approximation (GGA).*®
The parameter used for the O-2p state is Up = 6.25 €V. Because
both gadolinium and europium have a rather similar 4f”, the
values of U and J that reproduced the experimental observation of
the splitting and which we used in our calculations are 7.62 and
0.68 eV, respectively.* In addition, double-counting corrections
were included within the fully localized limit (FLL).***

The spin density distribution for Sn,;_,,Eu,Gd,O,, calculated
by GGA+U (U is applied only on the anion p states of the host
system), is very similar to that obtained by GGA, and therefore,
there is an overall topological resemblance for both methods.
The signature of a half-metallic solution is clear from the
PLDOS presented in Fig. 6(a). The effect of the Hubbard
parameter is clear in the energy gap, as shown in Table 1.
Additionally, the 4f orbitals are slightly far from the top of the
valence. Thus, both majority- and minority-spins of the coupled
europium-gadolinium display a band gap, which indicates that
the introduction of rare earth impurities does not destroy the
semiconducting nature of the parent material.

In the case where we simultaneously applied the Hubbard
coefficient to the anion p states and 4f electrons, surprisingly,
(Eu,Gd)-doped SnO, rutile displays a half-metallic characteristic
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Fig. 4 The energy difference between ferromagnetic and ferrimag-
netic configurations vs. Eu-Gd distance in the unit cell for
Sno 875EU0.065Gd0 06502

RSC Adv, 2021, 11, 7096-7106 | 7099


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ra00088h

Open Access Article. Published on 10 February 2021. Downloaded on 3/19/2026 5:17:06 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

Sn_;_o,Eu,Gd,Op x=6.25%

TOTALDOS —— -

M

DOS (1/eV)
Be
=
Qj
3

L " i i

8 6 4 2 0 2 4 6 8 10
(E-Ep) (eV)

View Article Online

Paper

Sny_5,Gd,Eu, O, x=6.25%

Gd 4f —— |
Eu 4f
02 —-——- |

PECT V.

DOS (1/eV)

8 6 4 -2 0 2 4 6 8 10
(E-Ep) (V)

Fig.5 Calculated spin-resolved density of states (DOS) for Sng o375EU0.0625Gd0.062502, for an Eu—Gd separation of 3.24 A. (a) The total DOS, and
(b) the partial DOS of neighbouring Sn-5s, O-2p, and RE-4f states. The Fermi level is set at zero.

behavior, but the spin-down from the anion O-2p states is
polarized at Fermi level. Indeed, the semiconducting nature has
been achieved by spin-up states of Eu-4f, as shown in Fig. 6(b).

All the other optical constants will be deduced from &,(w) and
&(w), such as reflectivity R(w) and absorption coefficient a(w).>*>*

la Mcy(K)|? 7

2 2dK
alw) =1+ ) JBZ

2
Eom Ve

Hence, the 4f states are not available at the Fermi level, and the
exchange splitting increases with the increase in the atomic
number of rare earth elements. It was observed that the total
magnetic moment of the system became large, with 13 Bohr
magnetons, ug, instead of 11 ug, for previous cases (see Table 1).

3.3 Optical properties

In this section, we examine the fundamental relationship
between optical performance, electronic structure, and trans-
port properties in order to better understand the highly effective
photovoltaic conversion of SnO, rutile doped with double rare
earth impurities (two different ones). First, we conducted
a study on the optical absorption, transmissivity, reflectivity,
and dielectric function of undoped SnO, rutile, as indicated in
Fig. 7(a) and (b). The optical properties of the present FPASW on
SnO, rutile without doped elements altogether are in confor-
mity with the experimental and theoretical data.**>*

Fig. 7(a) shows the optical transmissivity, absorption, and
reflectivity of pure SnO,. It is clear that the value of trans-
missivity in the visible light that we have found is in the range of
89-93%, with the parent material exhibiting no response to
visible light. The optical absorption coefficient is correctly
defined by the rule 1 = R + A + T, where R, A, and T denote the
optical reflectivity, optical absorption coefficient, and optical
transmission coefficient, respectively. To analyze the optical
properties in greater detail, we require a dielectric function: ¢(w)
= ¢(w) + igy(w). The imaginary part &,(w) can be directly
calculated from the full many-electron wave function. The real
part & (w) can be determined via a Kramers-Kronig transform.
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2m)’ [Ec(K) — Ev(K)] [Ec(K) — Ev(K)] — I*0?

20K My (K)PSE(K) — Ey(K)
z(27)

o) = 2 () S,

_ hw}}
(2)

R() = v/ er() +iex() 1] /1 er() +ieaw) + 11" (3)

(4)

The subscripts C and V indicate the conduction band and the
valence band, respectively. BZ denotes the first Brillouin zone,
|aMcy(K)|> denotes the matrix element of momentum transi-
tion, K denotes the wave vector of the first Brillouin zone, %
denotes Planck's constant, and « denotes the angular
frequency. Ec(K) and Ey(K) are the intrinsic energy levels on the
conduction band and the valence band, respectively.

The real and imaginary part of the dielectric function e = ¢; +
ie, vs. photon energy hv = 0-25 eV is plotted in Fig. 7(b). The
imaginary part ¢, curve is zero below the onset of direct inter-
band transitions between occupied and unoccupied states, and
it begins to increase from hv > 3.23 eV. The SnO, rutile is
a transparent conductive oxide (TCO) that can be used as
a transparent electrode for optoelectronic applications such as
flat-screen displays, photovoltaic solar panels, or more gener-
ally, any device requiring electrical contact that does not reduce
the passage of photons from the visible domain.

a(w) = \/5[ e (w) + &% (w) — el(w)} "

© 2021 The Author(s). Published by the Royal Society of Chemistry
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The insertion of coupled Eu/Gd by substitution in the SnO,
matrix completely changes the optical properties of the parent
material. The Sn;_,,Eu,Gd,O, (x = 0.0625) becomes a ferro-
magnetic alloy able to absorb maximum visible light. Fig. 8(a)
depicts a plot of the predicted optical absorption, trans-
missivity, and reflectivity vs. photon energy hv = 1.55-3.2 eV of
the unit cell Sny_g-5Gdg g625EUg.0625032- The thickness of the slab
is fixed at d = 1000 nm. It seems clear that the insertion of Eu/
Gd in the host system has a strong influence on the optical

Sny 5,Gd,Eu, O, x=6.25%
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Fig. 8

(a) The optical absorption, transmissivity, and reflectivity, and (b) the real and imaginary parts of the dielectric function for SnO, rutile.

behavior. Therefore, we have reported a high absorption under
natural light.

To put it clearly, the Sn; ,,Eu,Gd,O, (x = 0.0625) absorbed
in the range of 83-96% of solar photons. In other words, we
have a good correspondence between the incident solar spec-
trum and the band gap. The highly effective photonic conver-
sion prompted us to conjecture what the two main mechanisms
could be that are responsible for this yield. Consequently, the
coupling of rare earth elements (two different ones) allowed us

Sny_oEu,Gd, O, x=0.0625

T T T
——— Dielectric Function Imaginary Part

Dielectric Function Real Part

5 10 15 20
E (eV)

25

(a) The optical absorption, transmissivity, and reflectivity in visible light for Sn;_,,Gd,Eu,O, x = 0.0625, with a fixed slab thickness of d =

1000 nm. (b) The real and imaginary part of the dielectric function versus energy for Sn;_,,Gd,Eu,O, x = 0.0625.
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to convert more than visible domain photons. Also, up-
conversion and down-conversion have been achieved. Within
this framework of down-conversion, we have found that this
DSM based on the double rare earth can also absorb in the
ultraviolet (UV) light region in the range of 80-92%. In fact, the
high absorption of UV photons leads to a very efficient photonic
conversion process, and thus, quantum cutting is occurring.

The dielectric functions presented in Fig. 8§(b), which
describe the absorption of electromagnetic waves attributable
to interband transitions, are presented as a curve with sharper
peaks in the region of lower energy photons and the photons
associated with the visible domain. It should be noted that in the
case of the parent material, the curve is zero in this area. This is
attributed to the difference in density of states between the
undoped and codoped systems, and also to the competitive role of
the 4f states associated with Eu/Gd. As a consequence, the 4f states
could be an effective link of free flow charge carriers between the
valence band edge and the bottom of the conduction band.

For additional clarification on the advantage of SnO, rutile
doped with double rare earth elements (two different ones)
rather than the traditional single rare earth element, we have
collected the optical absorption curves in the visible light region
for SnO,, Sngg;5EU0.12502, SnNo.g75Gdo.12502, and  Snggys-
Gdo 0625EU0.062502. The slab thickness is always fixed at d =
1000 nm. As illustrated in Fig. 9(a), the double rare earth
impurities in the host matrix significantly increase the absorption
in comparison with the traditional single impurity. This is attrib-
uted to the fact that quantum cutting is effective in the case of tin
oxide doped with two different species of rare earth. Yet, the parent
material does not absorb in the visible range.

In general, the single or double insertion of rare earth
species inside a hot matrix allows quantum cutting of high-
energy photons.””* Moreover, for the photon conversion
process to be efficient, it requires high absorption of UV
photons, which is the case for the coupled Eu-Gd that would
appear to be more promising in the hot matrix of SnO, rutile.
Already, this couple has shown great power when inserted into
a LiGdF, matrix.®® Furthermore, Fig. 9(b) describes how the
optical absorption, transmissivity, and reflectivity of Sni,-
GdEuO;, in visible light can be different depending on

Optical Absorption(%)

Visible Light Region
20

T T prempraspasspassgest oSty
16 18 20 22 24 26 28 30 32
Photon Energy(eV)
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crystallographic directions. As an effect, the absorption study
states that both A,, and A,, are almost optically isotropic.
Therefore, the absorption underneath natural light, which is
predominantly in the visible region, is uniform in all orienta-
tions. Thus, releasing electrons by the absorption of natural
light is highly desirable to gain high power photovoltaic
conversion, but it is insufficient.

For this reason, it is necessary to know how well Sng g;s-
EUg.0625Gdo.062502 can allow the electric current to pass and
conduct. Hence, the necessity of transport properties and the
thermoelectric efficiency (), which hinges on the thermoelec-

S*a
kele + klat
kele, kiac and T denote Seebeck coefficients, electrical conduc-
tivity, electronic thermal conductivity, lattice thermal conduc-
tivity, and temperature, respectively.®**

Fig. 10(a)-(d) exhibits a plot of transport properties as
a function of doping for different temperatures. The inverse
relaxation time is modeled as a linear function of temperature,
and correspondingly, a zero™ and a first-order term can be
specified: — = ao + a; T. This leads to the correct behavior of the
electrical and thermal conductivity of the common metals. The
electrical conductivity, ¢ of Sn; ,,Eu,Gd,0,, x = 0.0625%, is
depicted in Fig. 10(a) and ensures excellent conductivity for this
material. At room temperature, the o value is nearly 10° (Q m) ™,
which corresponds to a charge carrier mobility that is suffi-
ciently high, and the dilute ferromagnetic alloy is in the range of
conductors.

We also note that the value of ¢ between 50 and 150 K weakly
increases with increasing doping. Also, the curves associated
with different doping exhibit the same behavior in the
temperature range between 200 to 800 K. However, p(T) of
Sng g75EU0.0625Gd0.062502 given in Fig. 10(b) shows metal-like
behavior with p300K = 2.3 x 10™* Q m. An examination of
the curves reveals a low electrical resistivity for all dopings,
and two regimes were observed as well: transitional for 7= 400

tric figure of merit (27) expressed as 2T = , where S, ¢,

d
K; £ >0, and permanent above Tygok;

and to confirm that the heat energy was converted into elec-
tricity, the temperature dependence of the figure of merit z7 as

d .
dit) = 0. In this context,

Sny_Eu,Gd, O, x=0.0625

X \ W A
v, ‘»" N
0.8 4
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Flg 9 The (a) optical absorption in visible llght for SHOZ, Sn0_875Eu0_12502, Sno_875GdQ_12502, and Sn0_125Euo_06256d0_062502, with a fixed slab
thickness of d = 1000 nm. (b) Optical absorption, transmissivity, and reflectivity in different crystallographic directions for Sng g375EUg.0625-

Gdo 0625 O, With a fixed slab thickness of d = 1000 nm.
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Fig. 10 (a—d) A plot of transport properties for Sngg7sEUg.065Gd0.06502 as a function of doping for different temperatures. (a) Electrical

conductivity, (b) electrical resistivity, (c) figure of merit (ZT), and (d) thermal electrical conductivity.

a function of doping is plotted in Fig. 10(c). The value of zT
weakly increases with increased carrier concentration in the
temperature range of 100-300 K. From 7 > 300 K, the curves of
the dimensionless figure of merit associated with different
doping exhibit the same behavior at any given temperature. In
the case of zero electrons, zT of the matrix reaches the peak
(approximately 1.4) at 235 K and then begins to decrease to
reach a value of 1.2 at 300 K.

The most optimal zT achieved at room temperature ensures
that the material is capable of efficiently converting heat energy
into electricity. Therefore, this promising thermoelectric
performance is attributed to the reduction of thermal electrical
conductivity by co-doping SnO, rutile with double rare earth.

(a) Sny_Eu,Gd, O, GGA+Uq
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TN )
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From Fig. 10(d), the k. of Sng g75EU.0625Gd0.06250, compound
increases with an increase in temperature. Yet, it always
remains weak, and its value at 7 = 300 K is 0.3 W m ' K.
Indeed, the combination of all these aspects such as the highest
absorption under natural light, and the highest thermoelectric
figure of merit (27) in SnO, rutile doped with the coupled Eu/Gd
allows us to predict that the material will be powerful and highly
effective at photovoltaic conversion in solar cells, and may be
a key material for the future development of solar cell
technology.

Turning now to explore the pragmatic revPBE+U approach
for optical absorption in the range of 400-800 nm, we have also
employed the double-counting corrections included within the

(b)
3 -
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Fig. 11 The GGA+U calculation for Sng g375EUg.0625Gd0 0625 O» With the Hubbard coefficient applied only for the anion p states of the host
system for a Eu—Gd separation of 3.24 A. (a) Optical absorption, transmissivity, and reflectivity. (b) Figure of merit (Z7), as a function of doping for

different temperatures.
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Fig. 12 The GGA+U calculation for optical absorption, transmissivity,
and reflectivity of Sﬂo_9375EUo>06256do_0625 Oz, for a Eu—Gd separation
of 3.24 A. The Hubbard coefficient is simultaneously applied to the
anion p states and 4f electrons.

fully localized limit. In the case where we applied the Hubbard
coefficient only to the anion p states of the host system, the
single-shot revPBE-GGA+U, functional raises the gap value to
3.85 eV with an indication of a direct large half-metallic gap
(Gama to Gama). As illustrated in Fig. 11(a), the optical
absorption curve increases from 55% at low photon energies (hv
= 1.55 eV) to 88% at 1.79 eV from Av > 1.72 eV. The curve
behaves like the one achieved by the revPBE-GGA functional,
which is a remarkable improvement in thermoelectric efficiency
compared to that obtained by GGA, as illustrated in Fig. 11(b).
The 2T value at room temperature is 2.34 for zero carrier
concentration.

The single-shot revPBE-GGA+Ug gy gq functional reduces the
gap value at 1.65 eV with an indication of a quasi-direct I" to X
band gap: the minimum that excited at I and X is almost the
same. The optical absorption curve indicated in Fig. 12 fluctu-
ates between 64% and 92% in the interval photon energies hv =
1.55-2.4 eV. However, the strong absorption started from Av >
2.4 eV and reached 92%. In a nutshell, and as expected for the
competitive role of the coupled Eu/Gd in the SnO, host matrix,
the optical absorption analysis by the different approaches used
in this study roughly converge towards excellent absorption of
the ferromagnetic alloy underneath natural light.

4 Conclusions

In this article, we systematically investigated the electronic
structure, magnetic ground state, and optical properties of SnO,
rutile doped with double rare earth elements (two different
ones) by using DFT calculations within the GGA and GGA+U
method. Therefore, the rare earth couple of europium-gadoli-
nium is most likely located at adjacent Sn sites. The half-
metallic behavior of Sng g75EU0.0625Gdo.062502 is homogenous
and energetically stable for different crystallographic
directions.

The results also indicate that the dilute ferromagnetic alloy
is capable of absorbing up to approximately 96% in the visible
light region and can efficiently convert heat energy into elec-
tricity at ambient temperature. The combination of these
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aspects of SnO, rutile doped with the couple Eu/Gd are very
important for fabricating spintronic devices operating in the
wavelength range of 400-800 nm that will be able to be a great
source of power for high-efficiency photovoltaic conversion in
solar cells.
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