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ABSTRACT: We have synthesized inverse-perovskite-type oxy-
silicides and oxygermanides represented by R;SiO and R;GeO (R
= Ca and Sr) and studied their characteristics in the search for
nontoxic narrow band gap semiconductors. These compounds
exhibit a sharp absorption edge around 0.9 eV and a luminescence
peak in the same energy range. These results indicate that the
obtained materials have a direct-band electronic structure, which
was confirmed by hybrid DFT calculations. These materials, made
from earth abundant and nontoxic elements and with a relatively
light electron/hole effective mass, represent strong candidates for
nontoxic optoelectronic devices in the infrared range.

B INTRODUCTION

Optoelectronic devices, particularly in the infrared (IR) range,
have many important applications, such as sensors and emitters
in optical fiber communication."” IR sensors are used, for
example, in self-driving vehicles to achieve night time view.’
However, most of the conventional semiconductors used in IR
optics contain toxic elements, with the most typical example
being mercury—cadmium—telluride (MCT)."* Optical sensors
utilizing MCT exhibit high sensitivity in the IR range, but all
constituting elements, mercury (Hg),5 cadmium (Cd),%” and
tellurium (Te),” are toxic and irreplaceable in the current
semiconductor technology based on concepts used to develop
II-VI and III-V semiconductors.

In particular, over several decades, the strategy for band gap
(Eg) engineering in semiconductor development has been
driven by elemental substitution in so-called II-VI or III-V
systems.” '~ This strategy is based on the observation that the
band gap energy tends to be narrowed by adding elements with
a large atomic number. The latter is one of the main reasons
why MCTs have been adopted for optoelectronic devices used
in IR ranges. Following this strategy, it is impossible to obtain
narrow band gap materials without employing heavy elements
in II-VI and III-V semiconductors. One of the directions to
reduce the number of toxic elements used in those semi-
conductors is cation substitution. For instance, combining the I
and III group elements for substitution of the group II
elements, such as a combination of (Cu,Ga) and (Cu,In) for
substitution of Cd, is one of the ways of toxicity
reduction.'””" Toxic anions from the V and VI groups are,
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however, still necessary to form (LIII)—VI semiconductors.
Hence, it is paramount to find appropriate anions to form
compounds to overcome this limitation.

In this regard, silicides, germanides, and stannites, using
group IV elements as a tetravalent anion in a formal charge
state, have recently attracted interest in the search for nontoxic
semiconductors. One such example is magnesium silicide
(Mg,Si),"*"*" which is formed by using silicon as a tetravalent
anion. However, the Mg,Si band structure is of indirect-
transition-type and, hence, it cannot be useful as a light
emitter.”>** In contrast, there are some silicide semiconductors
with a direct-transition-type band structure, such as Sr,Si and
Ba,Si,”* but, to the best of our knowledge, their luminescence
properties have not yet been reported. For applications in
optoelectronics, particularly light emitting devices, it is
essential to find semiconductors which exhibit the required
luminescence properties.

Recently, the utilization of photonic structures has been
proposed as a way to overcome the difficulty in fabricating
nontoxic optoelectronic devices in the IR range. For instance,
plasmonic structures composed of gold thin film have been
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used to enhance IR emission”” and detection.”® The efficiency
of IR detection as high as characteristic to MCT-based devices
has been achieved with GaAs-based devices combined with a
photonic structure composed of gold. Other prospective
R;MO [R = (alkali earth elements) and M = (group IV
elements)] compounds are attracting interest in terms of
electron transport properties. Very recently, their thermo-
electric properties have been studied in ref 27. Particularly, it
has been reported that nonstoichiometric strontium stannite
[Sr;_,SnO (R = Sr and M = Sn)] exhibits topological
superconductivity.”® These materials can become good
candidates for nontoxic IR semiconductors with photonic
structures for high efficiency devices in the IR range.

In this paper, we explore several new R;MO compound
semiconductors with a relatively narrow direct optical band
gap. It has been reported that R;MO compounds possess the
inverse-perovskite-type crystal structure with corner-sharing
[ORg4] octahedron units.”” ' Formal charges of M, R, and O
are expected to be —4e, +2¢, and —2e, respectively. Because we
are particularly interested in nontoxic materials with semi-
conducting properties, in this work, we focused on R;MO
compounds with relatively light elements, which include
synthesis and characterization of oxysilicides and oxygerma-
nides. The energy band structures of these compounds were
calculated using hybrid density functional theory (h-DFT), and
their optical properties were analyzed by optical absorption
and luminescence spectroscopy. Our results confirm that these
R;MO materials have a direct-transition-type band structure
and their band gap energy is less than 1 eV. Therefore, we
suggest that the oxysilicides (Ca;SiO, Sr;SiO), oxygermanides
(Ca;GeO, Sr;GeO), and their solid solutions are strong
candidates for optoelectronic applications, including light
emitters.

B EXPERIMENTS

The inverse-perovskite-type R;MO compounds, oxysilicides (M = Si)
and oxygermanides (M = Ge) with R = Mg, Ca, and Sr and their solid
solution compounds, were synthesized by solid-state reactions.
Selected source materials were pure elemental compounds, such as
Mg, Ca, Sr, Si, and Ge, and dioxides SiO, and GeO,. Oxides were
used as both the source of oxygen and M elements. The source
materials were weighed to satisfy the atomic ratio of R:M:0 = 3:1:1
and sealed in a tube made from pure metallic tantalum (Ta). The
sealed precursors were heated in a pure Ar atmosphere at 900—1050
°C for 24—45 h to induce formation of R;MO compounds. The
reaction products were stored in a glass cylinder filled with liquid
paraffin to prevent oxidation of the samples with air. The obtained
samples were characterized by X-ray powder diffraction (XRD) for
phase identification. The samples were covered with liquid paraffin to
avoid oxidation during measurements.

Optical properties of the products were measured with a
conventional UV—IR spectrometer at room temperature. Here,
diffuse reflectance measurement was employed utilizing an integration
sphere made of BaSO, for the pelletized samples formed by pressing.
The luminescence properties of the samples were also measured at
room temperature. A pulsed laser source (wavelength at 800 nm,
repetition rate at 82 MHz, pulse width at 150 fs, and average power at
about 50 mW) was used for excitation, whereas the luminescence
spectra were obtained by an Acton VM-505 monochromator with a
Hamamatsu G10899-03K InGaAs PIN photodiode detector. For
photoluminescence (PL) measurements, the powder samples were
fixed on conventional adhesive tape and pure nitrogen gas was flowed
on the sample surface to prevent reaction between the sample and air.
The absence of the luminescence peak from the adhesive tape was
confirmed.

B COMPUTATIONAL DETAILS

Electronic structure and lattice parameters of the R;MO
compounds were calculated using the periodic plane wave
DFT code VASP (Vienna Ab initio Simulation Package)®>**
with the projector-augmented wave (PAW) method®™* for
describing interactions between the cores and the valence
electrons (Ca:[10e], Si:[4e], Sr:[10e], Ge:[14e], Mg:[8e¢], and
O:[6¢]) of the involved atoms. The exchange-correlation
energy was calculated using two generalized gradient
approximation (GGA) functionals: Perdew—Burke—Ernzerhof
(PBE)* and the PBE functional revised for solids, PBEsol.>’
For a more accurate description of electronic structure, the
hybrid PBEO and PBEsol0 functionals®®* were used with a
25% of the exact exchange.

Calculations were performed by assuming a Pnma symmetry
(orthorhombic crystal system)*® for every structure, in
agreement with previous reports.””’’ For the structural
optimizations, total energy convergence to less than 1 meV/
atom was achieved with respect to the k-point sampling and
energy cutoff, keeping the symmetry fixed. A kinetic energy
cutoff of 500 eV and a k-point spacing of 0.3 A™' was used for
bulk relaxations, whereas a single point calculation with a k-
point spacing of 0.2 A™' was used for the density of states
(DOS). Structural optimization was achieved when the forces
on the ions were all less than 0.01 eV A™'. The stability of the
structure was studied by calculating the enthalpy of formation,
which was done by comparing the total energy of the R;MO
structures and the compounds used as precursors during the
synthesis. The obtained electronic structure was analyzed by
calculating the projected density of state (PDOS) and local
density of state (LDOS) using k-point sampling on the
Monkhorst—Pack grid."""** The energy-momentum dispersion
of electrons (band diagram) was also calculated to evaluate
electron and hole effective masses using the relationship
1 9E(k) 1

* 2
m; ok;0k; h (1)

where E(k) is defined as the eigenvalue of the band at a
specific k-point, k; and k; are the ith and jth elements of k, and
m;* is the element of effective mass tensor. The band structure
diagrams were plotted using the sumo package.”> Moreover,
the charge distribution in R;MO was quantified using the
Bader analysis.**

As mentioned, we focus on the exploration of different
anions. In an attempt to provide a better characterization of
the M*~ anions, we have considered not only R;MO but also
R,M compounds. For consistency, both R;MO and R,M
compounds were modeled using the VASP code with the
nonlocal PBEsol0 functional. We note that, although there are
several prior computational studies of R,M compounds,**~**
comparison with them is hampered by the different methods/
functionals used.

B EXPERIMENTAL RESULTS

Table 1 shows the results of our synthesis study. The striking
result is that the inverse-perovskite-type R;MO including Mg
was not obtained, although the other samples were almost
single phase with minor extra phases. As shown in the
Supporting Information (see Figure S-1), the sample with the
nominal composition as Mg:Si:O = 3:1:1 was found to be a
mixture with no trace of an inverse-perovskite-type structure.
We examined the synthesis of (R,R");MO solid solutions with
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Table 1. Nominal Precursor Composition and the Obtained
Compounds Identified by X-ray Diffraction

nominal precursor composition
ratio

M R reaction products

Ge Si Mg Ca Sr major phase minor phases

1.0 0.0 0.0 3.0 0.0 Ca;GeO Ca0, Ca,Ge

00 10 00 30 00 CaSiO Ca0, Ca,Si

0.0 1.0 0.0 0.0 3.0 Sr3Si0 SrO, Sr,Si

05 05 00 10 00 CaySiGe)O CaO, Cay(Si,Ge)

00 10 15 15 00 CaSiO Mg,Si, MgO, CaMg,,
Ca,Si, Ca0, Ca

00 10 30 00 00 MgSi MgO

R' = Mg, but there was no evidence for formation of

(Mg,R");MO solid solutions. Indeed, the samples with the
nominal composition as Mg:Ca:Si:O = 1.5:1.5:1:1 were a
mixture containing Ca;SiO, but the lattice parameters of the
Ca;SiO phase were exactly the same as those of the sample
with the nominal composition Ca:Si:O = 3:1:1. The latter
means that Mg cannot be dissolved into the oxysilicide or
oxygermanide compounds with an inverse-perovskite-type
structure due to the material’s instability. We are not aware
of published reports on stable Mg;:MO compounds with an
inverse-perovskite-type phase, which is an important indication

when considering the chemical bonding nature in R;MO
compounds.

To justify our results that (Mg,R");MO solid solutions could
not be formed, we discuss the variation of the Ilattice
parameters. As shown in Table 2, the lattice parameters of
R;MO compounds are very sensitive to substitution of R
elements. Indeed, unit cell volumes of Ca;SiO and Sr;SiO
differ significantly at 0.4192 and 0.5104 pm?, respectively. On
the other hand, lattice parameters of R;MO are much less
sensitive to substitution of M element. The unit cell volume of
Ca;yGeO is 0.4225 pm®, which is only by 0.8% larger than that
of Ca;SiO. As the lattice parameters are highly sensitive to
substitution of R element, we can assume that incorporation of
Mg into the R;MO lattice should result in obvious reduction of
lattice parameters in terms of ionic radius.*”*" The lattice
parameters of R;MO will be discussed below in greater detail.

Further optical characterization was performed only for the
Mg-free samples. The results of optical absorption measure-
ments are shown in Figure 1. Here, the diffuse reflectance was
converted into absorption. The observed absorbance spectra
were converted into the Tauc plot shown in the inset of Figure
1. Optical band gap energy (Eg) was estimated by assuming a
relationship:

(hva)* = K(hv — E;) @)

Table 2. Experimentally Determined or Theoretically Calculated Lattice Parameters and Electronic Characteristics of R;MO“

composition

R M
Mg Si

fomula
Mg;SiO exptl
PBE
PBEsol
PBEO
PBEsol0
Ca;Sio exptl
exptl [ref]”
PBE
PBEsol
PBEO
PBEsol0
Ca;(SigsGeys)O exptl
Ca;GeO exptl
exptl [ref]”
PBE
PBEsol
PBEO
PBEsol0
Sr3Si0 exptl
exptl [ref]”
PBE
PBEsol
PBEO
PBEsol0
exptl [ref]”
PBE
PBEsol
PBEO
PBEsol0

Ca Si

Ca Si/Ge

Sr Si

Sr Ge Sr;GeO

method/functional

lattice parameters

a/pm b/pm ¢/pm characteristics
not obtained N/A

0.596 0.851 0.596 metallic

0.592 0.844 0.592 metallic

0.591 0.843 0.591 metallic

0.588 0.839 0.588 metallic

0.667 0.943 0.667 E, = 0.87 (eV)

0.668 0.943 0.667 N/A

0.668 0.946 0.669 E, = 021 (V)

0.659 0.934 0.661 metallic

0.665 0.942 0.667 E, = 1.22 (V)

0.660 0.934 0.661 E, = 107 (eV)

0.668 0.944 0.668 E, = 0.84 (eV)

0.669 0.945 0.669 E, = 0.80 (V)

0.668 0.945 0.669 N/A

0.670 0.948 0.673 E, = 0.15 (eV)

0.661 0.938 0.663 E, = 0.05 (eV)

0.667 0.944 0.670 E, = 123 (eV)

0.661 0.935 0.663 E, = L14 (eV)

0.712 1.007 0.712 E, = 0.84 (eV)

0.713 1.007 0.712 N/A

0.721 1.015 0.715 N/A

0.708 1.001 0.706 0.24

0.715 1.009 0.712 141

0.707 1.000 0.705 1.26

0.715 1.010 0.713 N/A

0.723 1.019 0718 E, = 043 (eV)

0.710 1.003 0.708 E, = 029 (V)

0716 1.012 0715 E, = 1.36 (eV)

0.708 1.001 0.707 E, = 127 (eV)

“The E, values shown here were experimentally determined by diffuse reflectance measurement or by DFT calculations with various functionals.
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Figure 1. Optical absorption spectra of R;MO samples. The inset
shows the relationship between the cube root of unit cell volume
(Vi) and optical energy band gap (Eg) determined from the
absorption spectra.

Here, h is the Planck’s constant, v is frequency, « is absorption
coeficient, and K is a constant, and a direct-transition-type
energy band gap is assumed. On this assumption, E; was
estimated from the intercept in Figure 1. We note that the
synthesized Ca;(SigsGe,s)O compound has a band gap energy
between that of Ca;SiO and Ca;GeO, indicating that Vegard’s
law works in this system. On the other hand, an interesting
teature found in R;MO compounds prepared in this study was
that E; did not significantly change with chemical composition.
It seems that the compounds including heavier elements
possess a slightly narrower E;, but variation was very small.
That also means that Ey is not significantly sensitive to changes
in lattice parameters, as summarized in the inset of Figure 1. In
fact, the lattice parameter of Sr;SiO is larger but its E; is almost
the same as that of Ca;(SiyGeys)O.

Figure 2 compares the luminescence and absorption spectra
of Ca;SiO at room temperature. It can be clearly seen that the

- CasSio

&

PL intensity (a.u.)
Absorbance (a.u.)

ex. 1.55 eV
(800nm)

0.7 0.8 0.9 1.0 1.1 1.2
Photon energy (eV)

Figure 2. Luminescence spectrum and optical absorbance spectrum of
Ca;SiO measured at room temperature.

luminescence peak and the absorption edge energies are very
close, indicating that the Stokes shift between the absorption
and emission peaks is negligibly small. More importantly, this
is an experimental evidence that Ca;SiO has a direct band gap.
At the present stage, we have not evaluated the quantum
efficiency of this luminescence, but it is important to note that
the luminescence peak was observed even from the as-grown
powder made by a very conventional solid-state reaction
method.

B RESULTS OF CALCULATIONS

The synthesized Ca;SiO and other R;MO compounds
exhibited semiconducting properties, e.g., band-edge lumines-
cence, which originated in an optical band gap in the range of
0.8—0.9 eV. The PBE and PBEsol functionals indicate,
however, that R;MO compounds either have very small band
gaps or exhibit metallic behavior. Using hybrid functionals

often helps to reduce the self-interaction error, giving a better
representation of the electronic structure and band gaps. The
band structures of several compounds calculated using the
nonlocal PBEsol0 functional are shown in Figure 3. The results

5.0}f (a) CasSio
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Figure 3. Electron band structures of some R;MO (R = Ca, Sr; M =
Si, Ge) compounds calculated with the PBEsol0 functional. Red and
blue hatches indicate occupied and unoccupied states. The valence
band maximum (VBM) and conduction band minimum (CBM) are
indicated with red and blue dots, respectively, and lines and arrows
indicate energy band gap (Eg), which is the energy difference between
blue and red dots.

confirm that R;MO compounds have a direct band gap having
both a valence band maximum (VBM) and conduction band
minimum (CBM) at the I-point. The band diagrams of all
four compounds calculated using the PBEO functional are very
similar, as shown in Figure 3. Therefore, the discussion below
is mainly focused on the results of calculations using hybrid
functionals.

We use the enthalpy of formation as a measure of the
compound’s stability. Enthalpies (AH) were calculated using
total energies of the following reaction

RO + Si + 2R - RSiO (R = Mg, Ca, Sr) (3)

where positive (negative) values indicate an endothermic
(exothermic) reaction, i.e., thermodynamically unstable
(stable). As in experiment, calculations predict the Mg;SiO
to be unstable, with AH = 0.42 and 0.34 eV for the PBE and
the PBEsol functionals. This confirms the experimentally
observed instability of Mg-rich materials, which is corroborated
further below. In contrast, the formation of Ca;MO is
spontaneous with AH = —1.43 eV for the PBE and —1.58
eV for the PBEsol functionals.

Table 2 summarizes the structural properties and the band
gaps calculated with the local and nonlocal functionals of the
synthesized inverse-perovskite-type materials. Comparison
with the experimental data from previous and current studies
is also shown. The calculated PBE lattice parameters are
slightly larger than the PBEsol ones. There is no significant

https://dx.doi.org/10.1021/acs.inorgchem.0c02897
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Table 3. Effective Mass of Electron and Hole in R;MO Compounds Estimated from the Results of DFT Calculations”

hole effective mass

electron effective mass

compound functional -z r'-X
Ca;GeO PBEO —0.431 —0.815
PBEsol0 —0.348 —-0.773
Ca,Sio PBEO —0.369 —0.965
PBEsol0 —-0.323 —0.805
Sr;GeO PBEO —1.251 —2.635
PBEsol0 —0.849 —-2.321
Sr;S8i0 PBEO —1.588 —2.441
PBEsol0 —0.763 —2.559

Ca,8n0 PBEO ' —0.155 [ —0.640

I',: —0.488 I'y: —0.645

PBEsol0 I': —0.148 I;: —0.591

I,: —0.464 I,: —0.591

r-y r-z r-x -y
—0.412 0.344 0.757 0.332
—0.342 0.335 0.741 0.323
—0.370 T} 0.401 I 0.751 I': 0.385

I,: 0.197 I,: 0.164 I',: 0.200

—0.337 0.356 0.742 0.347
—1.061 0.563 0.268 0.466
—0.604 0.537 0.263 0.447
—1.244 0.574 0.285 0.473
—0.625 0.540 0.268 0.452
I': —0.155 0.274 0.731 0.274
I';: —0.488

I: —0.148 0.271 0.731 0.271
I'y: —0.464

“Notation of symmetry points in momentum space are as [ for [0.00, 0.00, 0.00], Z for [0.00, 0.00, 0.50], X for [0.00, 0.50, 0.00], and Y for
[—0.50, 0.00, 0.00], and two values, I'; and I';, are shown when electron bands are degenerated at the I'-point.

variation of the lattice parameters calculated using the nonlocal
functionals. The simulated and measured lattice parameters
increase with the increase of the atomic number of the R
element. This is because there is a positive correlation between
the ionic radius of the R element and the atomic number.*”°
For instance, the lattice parameters of Sr;GeO are larger than
those of Ca;GeO. The lattice parameters are less affected by
the substitution of the M elements than the R elements. For
example, the unit cell volume of Sr;SiO is much larger than
that of Ca;SiO but Ca;SiO and Ca;GeO volumes are nearly
the same, although the atomic radius of Si is smaller than that
of Ge. Variation of the lattice parameters in this manner are in
good agreement with the experimental observations presented
in Table 2. Hence, we can conclude that DFT simulations
reproduce well the structural properties of R;MO compounds.

The band gap energies calculated using nonlocal functionals
are larger than those observed experimentally. We note that we
are comparing the difference in the Kohn—Sham energies of
the lowest unoccupied molecular orbital and the highest
occupied molecular orbital with the optical adsorption spectra.
There is no clear correlation between E; and the chemical
composition. As suggested by our h-DFT calculations, the
effect on the band gap energy is stronger for the substitution of
R element than that of M element; e.g., the band gap increased
by 0.1-0.2 eV with Sr substituting Ca, while it decreased by
less than 0.1 eV when Ge substitutes Si. We think this trend
should be general in R;MO systems. A correlation between the
band gap energy and the lattice parameters is discussed below.

The amount of experimental information on the electronic
transport properties of our powder materials is limited. We
can, however, calculate the effective electron and hole masses
from the band structure using eq 1. In general, materials show
relatively small electron and hole effective masses (see Table
3), which are favorable properties for electronic applications.
Our calculations suggest heavier effective masses for electrons
and holes in R = Sr compared to R = Ca compounds. The
chemical composition effect is discussed in detail in the
following section.

The results of Bader analysis of ionic charges are
summarized in Table 4. They demonstrate that R;MO are
highly ionic crystals. The values for R and O shown in Table 4
are close to those in oxides characterized by their ionic
bonding, e.g., +1.69¢ for Mg in MgO,51 +1.56e for Ca in

Table 4. Results of Bader Charges Analysis for R;MO and
R,M (R = Mg, Ca, or Sr; M = Si or Ge) Compounds

element/charge (e)

compound R M (0]
Ca;Sio Ca/1.35 Si/=2.50 —1.54
Ca;GeO Ca/1.32 Ge/—2.40 —1.55
Sr;3Si0 Sr/1.32 Si/—2.40 —1.5§
Sr;GeO Sr/1.32 Ge/—2.40 —1.55
Mg,SiO Mg/1.32 Si/—2.40 ~1.55
Ca,Si Ca/1.25 Si/—=2.57
Ca,Ge Ca/1.25 Ge/-2.56
Sr,Si Sr/1.19 Si/—2.44
Sr,Ge Sr/1.18 Ge/—2.43
Mg,Ge" Mg/1.2 Ge/—2.65
Mg,Si® Mg/1.50 $i/-3.00

“Fluorite-type structure.

CaTiO;,” +1.6le for Sr in SrTiO;>* +1.7¢ for Ba in
Ba,TiSi,0y>° and +1.7¢ for Ba in BaTiO;.>> Consequently,
effective charges of M elements have to be negative and large
for compensation. We note that the Bader charge of Si in
silicates is close to +2.3¢, whereas its formal charge is +4e>?
However, M elements in R3MO are unquestionably anions with
negative effective charges exceeding —2.4e. It is also interesting
to note that effective charges of Sr and Ca shown in Table 4
are close to each other regardless of M and that effective
charges of Si and Ge are almost the same regardless of R. This
may be the reason for very similar band structures of R;MO (R
= Sr, Ca, and M = Si, Ga). On the other hand, the Mg and Si
Bader charges in Mg;SiO are clearly different from those of the
other compounds. This is a good indication that chemical
bonds involving Mg in R;MO are quite different from those
involving Ca and Sr in R;MO. This peculiar behavior of Mg
correlates with the instability of Mg;MO.

B DISCUSSION

Measured and calculated structural parameters of R;MO
suggest that the lattice parameters of these compounds are
governed by the R—O bond length. The calculated R—O
distances are 255 pm for Sr;MO and 236—237 pm for Ca;MO,
which are in close agreement with those measured by single
crystal X-ray diffraction.””*° It has to be noted that these
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values are very close to the R—O distances in SrO and CaO
with a rock-salt structure,™ suggesting that the R—O bonds in
R;MO compounds are very similar to those in typical oxides.
This implies that the M elements have to be anions to
compensate the positive charge of the R elements, which is also
demonstrated by the Bader population analysis discussed
above. On the other hand, the lattice parameters of the R;MO
compounds are not sensitive to substitution of M elements.
The interatomic distances in Si and Ge in the diamond
structure are within about 235 and 246 pm, and their band gap
energies are 1.1 and 0.67 eV, respectively. In contrast, the M—
M interatomic distances change only with substitution of the R
element and M—M distances are not sensitive to substitution
of M element. For example, the Si—Si and Ge—Ge distances in
Sr;SiO and Sr;GeO differ only by 2 pm. Hence, we can
conclude that the lattice parameters of the R;MO materials are
determined by the R—O bond length.

This consideration is supported by the local density of states
(LDOS). Figure 4 shows the results of LDOS analysis for

|
| Total
|
|

i O-p

Density of states (arb. unit)

Energy (eV)

Figure 4. Local density of states (LDOS) for Sr;SiO calculated using
the PBEsol0 functional. The vertical scale is in arbitrary unit for
visibility.

Sr;SiO calculated using the PBEsol0 functional. Additional
results of LDOS calculations are shown in Figure S-2 in the
Supporting Information. Here, O-p electronic states are found
to be about 4—7 eV below the valence band maximum (VBM),
whereas the conduction band minimum (CBM) is composed
of d states of the R elements. Thus, the O-2p oxygen states (O-
p in Figure 4) form a deeper valence band. On the other hand,
the top of the valence band at 0—3.5 eV is dominated by p
states of M elements. This implies that the electronic structure
of RzMO compounds can be viewed as a superposition of
electronic structures attributed to the R,M component, having
a narrow band gap, and that of RO with a wider band gap, and
the resulting band gap of R;MO is determined by that of the
R,M component. The energy band gap of CaO was
experimentally determined to be 7.1 V> and calculated to
be 6.6 eV within the GW approximation;*® for SrOQ, it is
approximately 6 eV from observed reflection spectra,”’ and
724 eV within the GW approximation.”® The energy
differences between CBM and the top edge of O-2p bands
calculated for R;MO compounds are very similar, as shown in
Figures 4 and S-2. The dispersion of electron energy in
momentum space does not seem to change by elemental
substitution either (see Figure 3). There is no difference
between Sr;GeO and Sr;SiO band structures to the naked eye.

The geometric and electronic structures of R;MO
compounds demonstrate that these are ionic crystals where
M elements serve as anions with —4e formal charge, but the
band dispersion of M elements is very similar to that for Si and

Ge. Analysis of the RyM electronic structure supports our
assertion that the electronic structure of R;MO can be viewed
as that of the R,M component with a narrow band gap being
superimposed onto that of the RO component with a wider
band gap and that substitution of M elements does not affect
electronic structures because of the strong ionic characteristics
of M* anions. Figure 5 shows DOS for Ca,Ge,*” Ca,Si,”

B ot

75 50 =25 0 25 50
Energy (eV)

DOS (arb. unit)

Figure S. Density of states (DOS) for some R,M compounds (R =
Mg, Ca, or Sr; M = Si or Ge) calculated by using the PBEsol0
functional. Calculations for Mg,M were performed for one of the
reported polymorphs, the fluorite-type structure.

Mg,Si (Fm3m),”® Mg,Ge (Fm3m),"" Sr,$i°” and Sr,Ge®
compounds calculated using the PBEsol0 functional. As seen in
the top and middle panels, the Ge/Si substitution has a minor
effect on the DOS. In addition, the main features of the DOS
profile of the compounds with R = Ca are very similar to those
with R = Sr. The effect of elemental substitution shown here is
very similar to that shown in Figure 3 and Figure S-2 in the
Supporting Information. It seems that M*~ anions behave like
point charges and their contribution to the band dispersion
and band gap is minor compared to that of the Madelung
potential. This idea is also supported by comparing the results
of Bader population analysis for RyMO and R,M shown in
Table 4. The effective charges of R and M in those compounds
are very similar to each other, demonstrating that both R;MO
and R,M are highly ionic crystals. The fact that the band
structures of R3MO and R,M do not change with R and M
substitution is likely a cause for the very small change of the
R;MO energy band gap by M element substitution seen in
Figure 1 and Table 2.

We note that the electronic structure of Mg,M compounds
with a fluorite structure (bottom panel in Figure S) is different
from that of other R;M compounds studied here. Indeed, the
DOS dispersion for Mg,Si is clearly different from those for the
other two compounds. The most critical difference between
Mg and other R elements is in the lowest excited states. The
excited orbital of Mg is 3p states, while, for Sr and Ca, these are
4d and 3d states, respectively. This may be the reason for the
difference between Mg,M and other R,M electronic structures.
Further band gap tuning of R;MO could be achieved by
substituting Mg for Ca to make the lattice parameter smaller.
Unfortunately, as shown above, Mg does not dissolve in the
R3;MO lattice. The most obvious difference between Mg and
the other alkali earth elements is that Mg is on the third row in
the periodic table and there is a lack of d orbitals, while the first
excited states of Ca and Sr are 3d and 4d orbitals, respectively.
This suggests that the contribution of d orbitals to chemical
bonding is essential for the stability of Ry;MO compounds with
an inverse-perovskite-type structure. Since R—O bonds in
R;MO and rock-salt compounds are very similar, we can draw
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an analogy between the nature of the R—O bonds in R;MO
and MO compounds. In this context, we refer to the phase
diagram of the MgO—CaO pseudo-binary system.®*** 1t is
evident that solubility of CaO in MgO or MgO in CaO is very
narrow and the wide miscibility gap opens up in this pseudo-
binary system. This MgO—CaO miscibility indicates that
formation of (Ca,Mg);MO should be very difficult. On the
other hand, the pseudo-binary CaO—SrO phase diagram has a
wide solid solution range at relatively low temperature.”® The
large miscibility gap between MgO and CaO has been
attributed to the absence of d orbitals in Mg. Therefore,
tuning of semiconductor lattice parameters via adjusting R—O
chemical bonds by elemental substitution using Mg is very
difficult.

Finally, we briefly discuss the band alignment of R;MO
compounds. Since the electronic structure of R;MO possesses
characteristics of both RO and R,M, one can use the band
diagram of the R,M and RO compounds to align them with the
corresponding R;MO energy states and, thus, estimate their
ionization potential and electron affinity. The experimental
bulk ionization potential of CaO and SrO is 6.25 and 5.30 eV,
which is in good agreement with those calculated with highly
accurate DFT calculations using hybrid functionals.””*® Note
that the ionization potential for those typical oxides is
calculated using the VBM energy, which is mainly composed
of the O-2p band, with respect to the vacuum level. Hence, the
ionization energy of the R;3MO compounds was estimated by
aligning the top of the O-2p band in R;MO to the ionization
potential of CaO and SrO, as shown in Figure 6. The
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Figure 6. Estimation of ionization potential for R;MO (R = Ca or Sr;
M = Si or Ge) by aligning calculated high energy ends of the O-2p
band to the valence band maximum (VBM) of known RO
compounds. Vacuum level is set to zero in energy scale, and the
lengths of the bar denoted by E; indicate experimentally determined
energy band gap.

calculated top of the O-2p band in R;MO is about 5.0 eV
below VBM for R = Ca and 4.1 eV for R = Sr (see Figures 3, 4,
and S-2). Therefore, the ionization potential for R;MO (R =
Ca or Sr) compounds is estimated to be around 1.20—1.25 eV.
This value is relatively small, which encourages us to work on
doping through hole injection. Moreover, these materials are
expected to show good catalytic properties. We note that
analysis of the R;MO refractive indexes is beyond the scope of
the current work. This is, however, needed to construct optical
devices based on these materials. Further investigation of
R3MO solid solutions is in progress and will be reported in a
separate publication.

B CONCLUSIONS

We have synthesized inverse-perovskite-type oxysilicides and
oxygermanides, R;MO (R = Ca, Sr; M = Si, Ge), and
investigated their optical properties. The materials are
semiconductors with a direct optical band gap, as suggested
by their optical absorption edges and luminescence spectra.
These findings were corroborated by hybrid DFT calculations,
where a direct band gap was calculated from their band
structures. Band gaps are determined to be 0.8—0.9 eV, with
no significant change upon elemental substitution. This feature
is driven by their structural properties, in particular, the M—M
bond distances. It is also shown that incorporation of Mg into
the R;MO lattice is energetically unfavorable. That is a
limitation for optoelectronic device applications of R;MO
compounds since band gap engineering is limited. In contrast,
relatively small ionization potentials of R;MO compounds are
estimated, which is another interesting feature for practical
applications.

To summarize, we have synthesized a new class of materials
with potential applications as semiconductors in IR devices.
These materials are made from earth abundant and nontoxic
elements, with a relatively light electron/hole effective mass
and a direct band gap. Our findings represent, therefore, a big
step into the design of new nontoxic materials with high

functionality.
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