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Finding new solar-energy absorber materials is one of the most significant challenges in artificial

photosynthesis. Starting from the experimentally available LaTaON, and LaTiO,N oxynitrides, we use DFT
to propose new sunlight absorbing semiconductors. The synthetically unknown YTaON, and YTiO,N are
semiconductors with indirect band gaps of 2.7 eV and 2.9 eV, respectively. For the first time, we compute

within Boltzmann transport theory the DOS-averaged effective mass and mobility of LaTaON,, LaTiOzN,

YTaON, and YTiO,N. Our first principles calculations indicate that the Y-based materials possess

advantageous dielectric (¢, > 47), optical (@ > 10* cm™ near band edge), and charge transport

properties (Men*pos & 0.2; ten ~ 10 cm? V71 s7Y) for the conversion of solar energy into storable
fuels. Herein, our work leads to the complete in silico design of semiconductors for water splitting.

1. Introduction

The pursuit of mastering artificial photosynthesis is favored by
the development of novel efficient semiconductor materials.
The design of a semiconductor for the efficient generation
of solar fuels requires stringent requirements formulated
to overcome both the thermodynamics and kinetics of fuel
forming reactions, such as photocatalytic water splitting or CO,
reduction: precisely, a suitable band gap to efficiently absorb
visible sunlight (2.1 < E, < 2.8 eV), high dielectric constant,
high mobility of the charge carriers, and suitable band positions
to perform the hydrogen and oxygen evolution half-reactions
(HER/OER) or other oxidative or cathodic half-reactions for
the synthesis of valuable chemicals.'™ Typical semiconductor
oxides like TiO, and SrTiOj; fulfill most of the requirements but
cannot operate at solar-to-fuel efficiencies larger than 1% (STH)
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because their large band gap absorbs only UV-light photons.?
Among the most important families of visible-light-absorbing
semiconductors explored for solar fuels, oxynitrides are particularly
promising.”* LaTaON,, LaTiO,N, SrTaO,N, and BaTaO,N, for
example, drive the HER and OER half-reactions and can be used
in Z-scheme configurations capturing photons in the 600 to
750 nm range.”” Particularly, LaTaON, perovskite was pre-
viously reported to be active in the photocatalytic hydrogen
evolution in methanol, photocatalytic oxygen evolution in the
presence of electron donors, and photoelectrochemical water
oxidation in alkaline conditions.®® Similarly, LaTiO,N is active
in photocatalytic oxygen evolution half-reaction, and it has been
used successfully in Z-scheme configurations for water splitting
applications. Recently, Zhang et al. reported a high quantum
efficiency of ca. 27% at 440 nm for CoO,-modified LaTiO,N toward
water oxidation.” The performance of LaTaON, photoanode has
also been significantly improved by CoO, deposition and heat
treatment under NH;, which improved bulk electrical conductivity
and suppressed the back reaction.’® LaMg,Ta;_,O143.Ns_sy is
the first oxynitride to utilize 600 nm photons in steady-state
overall water splitting.” Nevertheless, the apparent quantum
efficiencies (AQEs) are still within 1%.” Indeed, the limited
performance of these materials is thought to originate from a
poor charge carrier transport in the bulk.">'* The low perfor-
mance is hypothesized to originate from the low hole mobility
in these n-type oxynitrides, most likely a consequence of a large
hole effective mass, as previously calculated.>"® Hence, the
discovery of oxynitride solar energy materials is difficult, yet
eminently needed to push the field forward.'*"



In recent years, progress in combinatorial computational
screening’>'® and other first-principles approaches,'” and the
significant advancements in synthesis methods have opened
the door for the exploration of novel oxynitride compositions.*®
Notably, the topochemical, topotactic, and flux-assisted nitri-
dation synthesis allows the crystallization of metastable phases
which broadens the search for novel oxynitrides."®"® Parallel to
these experimental advances, density functional theory (DFT)
has been extensively established as a mature theory for the
accurate and quantitative prediction of the semiconductors’
properties relevant for solar energy conversion."*?%*' Consequently,
herein we characterized experimentally known La-based and
novel synthetically unknown Y-based oxynitride semiconductors
in silico without any experimental inputs. Our theoretical approach
is based on PBE(-optimized geometries, HSEO6-single-point calcu-
lations for the electronic structure,”® and HSEO06-supported
Boltzmann transport theory within the constant scattering time
(r) and the rigid band approximation to extract the density-of-
states-averaged effective masses and the mobility of the charge
carriers.”*>> We quantitatively predict with high confidence
physicochemical properties relevant for solar energy conversion
and the ultimate feasibility of using the compounds for water
splitting.

2. Theoretical methods

Geometry optimizations and the calculation of vibrational
frequencies were performed by DFT using the hybrid PBE0*®
functional of the CRYSTAL17 code.?”*® All the electronic prop-
erties were computed using single-point calculations by
using the HSE06 functional on the PBEO-derived geometries
in CRYSTAL17. Calculations of the electronic contribution to
the dielectric constant were performed within DFT using the
hybrid HSE06 functional as implemented in CRYSTAL17. The
Kohn-Sham equations were solved self-consistently by developing
the one-electron wave function on localized Gaussian basis
sets, thus allowing the efficient use of the hybrid functionals.
For La and Y atoms, the Heifets et al. and the Cora small core
pseudopotentials were used along with the 411G(d) and 31G(d)
basis sets for the valence electrons, respectively.”® For the Ta
atom, a small core pseudopotential developed for RbTaO; by
Baraneck et al. was used along with the 31G(2df) basis set for
the 13 valence electrons. For the Ti atom, the all electron
8-6411(d311f) basis set developed by Erba et al. was used.”
For the O atom, the all-electron 8-411G(d) basis set optimized
by Baraneck et al. for RbTaO; was also used as directly obtained
from the CRYSTAL17 online database. For the N atom, the all-
electron 6-311G(d) basis set developed for hybrid functionals by
Heyd et al. was used.*® The reciprocal space was sampled with a
9 X 9 x 9 k-point mesh for the geometry optimization and the
relative dielectric constant calculations. A 12 x 12 x 12 k-point
mesh was utilized for HSE06 single point calculations. The
convergence criterion for the SCF cycle was fixed at 10~ ® Ha per
unit cell for the geometry optimization and the calculation
of the relative dielectric constant. The criterion was made

stringent for the single-point HSE06 calculations by fixing it
to 10" Ha per unit cell. The calculation of the frequencies was
performed within the harmonic approximation to the lattice
potential, and the infrared intensities were obtained using the
Berry Phase method.*" The calculation of the optical properties,
the refractive index coefficient n, the extinction coefficient r,
and the absorption coefficient « was performed using the
HSE06 function as implemented in the VASP code,** with a
400 eV cut-off for the plane wave basis set and a 9 x 9 x 9
k-point mesh.** The core electrons for each atom were described
within the projector augmented plane wave (PAW) approach.
The absorption coefficient (o) of the materials was computed
from the frequency dependent dielectric constant using the
following formulae, where ¢; and ¢, are the real and imaginary
terms of the dielectric constant, respectively:
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The first part of the theoretical protocol in this work is to
compute all the electronic properties: the band gap (E,),
dielectric constants (¢, = &, *+ &), charge carrier effective
masses (m*) and exciton binding energies (Ey,), as presented
in detail in the literature.”® This initial part of the protocol
herein used was successfully applied earlier in several families
of semiconductors, including hybrid perovskites,** sulfides,*
oxysulfides," complex oxides,’® oxynitrides,"* and carbon nitrides.””
The accuracy of the HSE06 functional has been assessed with
standard deviations of 10% for band gaps and 3% for the
infinite dielectric constant, making HSE06 one the most accu-
rate functionals for semiconductor properties.>°

In this contribution, our theoretical protocol was extended
with a second part. The evaluation of the electronic transport
properties was performed departing from the PBEO-optimized
geometry via single-point HSE06 with 12 x 12 x 12 k-mesh
calculations and the solution of the Boltzmann transport
equation (BTE) as implemented within CRYSTAL17.2>?® The
mobility and the density-of-states-averaged effective mass of
the charge carriers were obtained within the limitations of the
semi-classical Boltzmann transport theory with the constant
relaxation time and the rigid-band structure approximations.®
A detailed description of BTE is beyond the scope of this article,
and the reader is directed to the literature.*’ Briefly, the
electrical and heat current densities can be expressed in terms
of the conductivity tensors, which are obtained by integrating
the conductivity distributions (oqy, vqr, and kg,) written with
tensors of transport distribution functions (TDF, Z,(¢)) defined
as: Eqr(e) = Sqeli,k) = 13 1/q(1, )i (i,k), where vg(i,k) and v4(i,k) are
the group velocities and 7, is the electronic relaxation time.
However, in practice, TDF is defined as the energy projected
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tensor: Eq:(¢) = —=>_ 0q:(i, k)0 (e — ¢ ), where N is the number
q N q
ik

of k-points used in sampling the reciprocal space and o(x) is



Dirac’s delta function (more commonly approximated via
Gaussian or other type of broadening).”® In this theoretical
framework, the electrical conductivity (¢/t) can be computed
with respect to the scattering or relaxation time t.>° The mesh
was increased to 16 X 16 x 16 k-point, and a constant
temperature of 300 K was assumed. The protocol was validated
by calculating the transport properties of SrTiO; (Eg ysgos =
3.2 eV), and our results were in reasonable agreement when
compared with the available literature.>*

The thermodynamic stability of the considered phases can
be estimated by comparing the Gibbs energy of the phase
(ABOxNy, A =La or Y, B = Ti or Ta) to the Gibbs energy of other
known stable phases. We assumed that the other possible
phases formed during the synthesis are La,O3, Y,O3, TiO,,
Ta;N; and TaON because they are known to be stable in the
classical condition of work. These previous materials will be
called impurities in this article. The ABOxNy phase was con-
sidered more stable than the impurities if it satisfies the
following equations:

AGABOXNy = Aus + Aug + XApo + yAuy 3)
2Apra + 3Apo < AGrap, (4a)

2Apy + 3Auo < AGy o, (4b)

Apri + 2Ap0 < AGrio, (4¢)

3Apra + 5AUN < AGran, (4d)

Aura + Apo + Aun < AGraon- (4€)

The Gibbs free energy can be approximated by DFT energies as
follows:

AGago,N, ~ Eprr (ABOxNy) — Eper(A) — Eper(B) )
5
— XEppr(0) — yEppr(N),

where Eppr(ABOxNy) is the DFT energy of the considered
phase, while ER(X) corresponds to the energy of the element
in its standard state. To have the standard state energy of
metals (La, Y, Ti and Ta), we used the following equations:

o

1 3 o
EDFT(La) = §<EDFT(L3'ZO3) — EEDFT(OZ) — AfH (La203))

(6a)

o 1 3 o
Eppr(Y) = §<EDFT(Y203) - EEDFT(Oz) — AtH (Y203)>

(6b)

E]O)FT(Ti) = EDFT(TiOz) — EDFT(OQ) — AfHO (TlOz) (6C)

- 1 5 o
Eppr(Ta) = g(EDFT(Ta3N5) - EEDFT(NZ) — AfH (Ta3N5))7
(6d)

where the enthalpy of formation comes from handbooks of
physical chemistry (values are given in ESIT).*"*> We assume
that entropic variations are small in solid state materials,

allowing us to consider that the Gibbs free energy and enthalpy
are equal. All DFT energies correspond to the SCF energies
corrected by the ZPE computed using the PBEO functional
because this functional is known to lead to accurate thermo-
chemical energies.**** This approach was used in other studies
to investigate the stability regions of several materials including
oxides and sulphides and is detailed more precisely in previous
studies.**™*® The stability regions were calculated as a function
of Ap; defined as the difference between the absolute value
of the chemical potential (u;) and the chemical potential of
element i in its standard state (u). Further details of this
approach can be found elsewhere.*®

The calculations of the band edge positions were performed
using the empirical formula below based on the Mulliken
electronegativity, as previously suggested in the literature.**>"

Evgce = Eo + (XLnXTaXOXNZ)l/S + Ey/2 (7)

Evp,ce = Eo + (XLnXTiXOZXN)US + Eg/2~ (8)

3. Results and discussion

3.1. Crystal structure

Here, we focus on the Ln*'B**ON, and Ln*'B*'O,N systems
departing from the experimentally known structures of
LaTaON,*** and LaTiO,N>*** and then entirely substituting
lanthanum with yttrium. LaTaON, is an indirect semiconductor
crystallizing in an orthorhombic cell with a reported optical
band gap in the range of 1.9 to 2.1 eV (a=5.7071 A, b = 8.0548 A,
¢ =5.7402 A).5? LaTiO,N is a direct semiconductor crystallizing
in an orthorhombic cell with a reported optical band gap
in the range of 2.1 to 2.2 eV (a = 5.5731 A, b = 7.8708 A,
¢ =5.6072 A).>**

A first main difficulty in modelling oxynitrides at the
atomistic scale is the anion ordering."*>*"®" In these materials,
oxygen and nitrogen share the same crystallographic sites, and
thus several types of anion organization can be considered. In
our recent work," six anion orderings were designed for
SrTaO,N perovskites. Building upon previous efforts, we started
from these six structures. The representative geometric models
of the different anion orderings considered in our work are
shown in Scheme 1, and their relative stability expressed as
their relative energy difference at the PBEO level is presented in
Table 1. Furthermore, the absolute minima were verified by the
calculation of vibrational frequencies of the fully relaxed struc-
tures. The most favourable structural models were selected
for further theoretical characterizations, and the optimized
models at the PBEO level are presented in Fig. 1 as (f)-LaTaON,,
(a)-LaTiO,N, (b)-YTaON,, and (f)-YTiO,N (compounds with bold
values in Table 1 and atomic positions in ESIY).

To validate, once more, the reliability of our DFT protocol,
we show that the PBEO-optimized structure is in reasonable
agreement with both of the reported X-ray and neutron diffrac-
tions of LaTaON, (a = 5.6710 A, b = 5.6427 A, ¢ = 8.1890 A,
o= f=7=90.0°). Similarly, the calculated cell parameters of LaTiO,N
are also in reasonable agreement with the available literature
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Scheme 1 Geometric models illustrating anion orderings of the ABON,
and ABO,N oxynitride compounds (lower abundance anion: blue ball;
B-site: smaller orange ball). lonic radii have been arbitrarily modified to
emphasize N/O positions.

Table 1 Computed a—f energy differences at the PBEO for LaTaONy,
YTaON,, LaTiO,N, and YTiO,N. The most stable structure for each
compound is shown in bold. The given values correspond to the relative
energies compared to the most stable structure (in milli-electron-volts per
formula unit). The representative geometric models of anion orderings for
a—f structures are presented in Scheme 1. The band gap energy was
computed using the HSEO6 for each structure

LaTaON, LaTiO,N YTaON, YTiO,N

AE/meV E,eV AE/meV EgeV AE/meV E,eV AE/meV EjeV

a 220 2.1 0 2.1 3 2.8 82 2.9
b 199 2.4 38 2.2 0 2.7 46 2.9
¢ 59 2.2 38 2.7 15 3.2 865 3.3
d 19 2.2 45 2.4 18 2.5 1076 2.8
e 2 2.3 13 2.2 12 3.4 747 2.6
f 0 2.3 17 2.1 12 3.4 0 2.9

(@ =5.6192 A, b = 5.6265 A, ¢ = 7.7599 A, & = ff = y = 90.0°).
When Y was substituted in the structures, the cell of
LaTaON, and LaTiO,N contracted by 8% in average (YTaON,,
a=5.4672 A, b=5.6397 A, c=7.8484 A, .= f =y =90.0% YTIiO,N,
a=5.3738 A, b =5.5445 A, c = 7.6128 A, o = f = y = 90.0°), most
likely due to the smaller ionic radius of Y** (1.02 A) when
compared to La*" (1.16 A).*®

3.2. Stability of the materials

Geometrical criteria. YTaON, exhibits on average slightly
shorter Ta-N bond distances (2.009 A) than LaTaON, (2.011 A).
From the differences in ionic radii, shorter cation-anion dis-
tances are a direct consequence of structural changes in the
octahedral arrangement (Fig. 1). Interestingly, in the case of
the YTiO,N and LaTiO,N pair, the averaged Ti-N is the same
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Fig.1 DFT PBEO-optimized structures of (a) LaTaON,, (b) LaTiOzN,

(c) YTaON,, and (d) LaTiO,N.
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(1.919 A). A recent empirical study based on interatomic
distances claimed that the formability and stability of the
perovskite structure in oxynitrides are mainly determined
by tolerance (ir = da-x/v2dp_x) and octahedral geometrical
factors (Of = dg_x — rx/rx),”> where A, B and X refer to the
cations and anion in the ABON, unit; d is the geometric average
of the cation-anion distances; and r is the geometric average of
the anionic radii ¢ = [ro® x r']"® and rx = [ro* x ry?]"® for
ABON, and ABO,N, respectively.>® The calculated tolerance
factor (¢) is smaller for the PBEO-optimized YTaON, (¢; = 0.87)
than for LaTaON, (¢t = 0.91), while the octahedral factor (Of)
for both materials is the same (Of = 0.40). For YTiO,N and
LaTiO,N, these factors are ¢; = 0.86 and O = 0.40; and ¢ = 0.93
and O = 0.39, respectively. The lower tolerance factors observed
in the new YTaON, and YTiO,N is a consequence of the
increased distortion (Fig. 1). The reported perovskite stability
fields are 0.83 < t; < 1.04 and 0.36 < O¢ < 0.52, which suggest
the plausible formability of YTaON, and YTiO,N in the
limit of the structure field maps.>® In this regard, a new meta-
stable oxynitride perovskite EuTiO,N was recently synthesized
using a novel high temperature topochemical approach, not-
withstanding the low experimentally measured tolerance factor
(¢t = 0.79)."® Hence, the synthesis of the herein proposed
Y-based oxynitrides seems reasonable.

Thermodynamic criteria. The computation of the thermo-
dynamic phase stability of the two known La-based and the new
Y-based phases as a function of Ag; is presented in Fig. 2 and 3,
respectively. Both YTaON, and YTiO,N exhibit smaller stability
regions than their La-based counterparts, which indicates
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Fig. 2 Comparison of the stability regions for (left) LaTaON, and (right)
YTaONy,. For each point in the plane, Auy was (a and b) —1.0 eV, (c and d)
—15 eV and (e and f) —2.0 eV. The lines represent a phase of a given
oxynitride in thermodynamic equilibrium with the competing binary
phases. Au are expressed in eV.

that the former compounds are less stable than the latter.
Nevertheless, a stability region has been found for both
Y-based materials, supporting the geometrical criteria and the
idea that these materials can be synthesized experimentally,
most likely under conditions different from the ones typically
used for La-based materials.

3.3. Electronic structure

The HSEO6-calculated band structures of the experimentally
known La-based materials and the synthetically unknown
Y-based compounds are presented in Fig. 4. The band structure
of LaTaON, shows a primary indirect transition with a band gap
of 2.3 eV, corresponding to an overestimation of 15% compared
to the experiment as expected for this functionnal.®*** Further-
more, we have shown previously that long-range anion ordering
significantly affects the band gap of oxynitrides in the case of
SrTaO,N."® We observed the same behaviour in these materials
(Table 1), where the band gap ranges from 2.1 eV to 2.4 eV
depending on the anion configuration (Scheme 1). Interestingly,
we also find a direct transition at the I' point with only 0.15 eV
higher energy than the primary indirect transition. The calcu-
lated indirect nature of the LaTaON, semiconductor is consis-
tent with the experimental observations in the literature.®®>"%*
On the other hand, the band structure of LaTiO,N shows a
primary direct transition at the I point with a band gap of 2.1 eV,
which is in excellent agreement with the reported range of band
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Fig. 3 Comparison of the stability regions for (left) LaTiO,N and (right)
YTiO,N. For each point in the plane, Auy was (a and b) —1.0 eV, (c and d)
—15 eV and (e and f) —2.0 eV. The lines represent a phase of a given
oxynitride in thermodynamic equilibrium with the competing binary
phases. Au are expressed in eV.

gap values of 2.0 to 2.2 eV found in the literature.>®* The density
of states (DOS) in Fig. 4 of LaTaON, and LaTiO,N shows the top
of the valence band (VB) dominated by N 2p orbitals, whereas
the bottom of the conduction band (CB) is formed from
Ta 5d and Ti 3d orbitals, respectively, without significant con-
tributions from other elements, in agreement with previous
calculations.®**>

The DFT-calculated band structure of YTaON, in Fig. 4 shows a
significantly more localized valence band. YTaON;, is an indirect-
type semiconductor with a 2.7 eV band gap. Additionally, we
observed a direct transition at the I' point with a 71 meV
difference with respect to the primary indirect transition.
As its La-based analogue, the DOS indicates that the VB is
mostly dominated by N 2p states and the CB is again formed by
Ta 5d states. Both La*" and Y*" appear to play structural roles
because their contribution to the electronic DOS is minimal.
Similar results are obtained for YTiO,N; however, in this case,
the substitution of La with Y leads not only to an increase in the
band gap by 0.8 eV, but also to a significant change in the band
gap character from direct to indirect (Fig. 4). Nevertheless,
a direct transition at the I' point is also present similar to the
La-based case with only 11 meV difference from the indirect
transition, making both transitions mostly equivalent. The DOS
for this material shows that the VB is composed of N 2p (with
significant contribution from O 2p at slightly lower energy
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Fig. 4 Band structure and density of states (DOS) of LaTaON, (a and b),
YTaONs; (e and f), LaTiOzN (c and d), and YTiO,N (g and h).

levels, i.e., below —0.3 eV), while the CB is dominated by Ti 3d,
which is also true for LaTiO,N.

3.4. Optoelectronics

The absorption coefficients are presented in Fig. 5 (refractive
index and extinction coefficients in Fig. S1, ESI{). Note that the
typical absorption coefficient value for direct semiconductors is
ca. 10* cm ™ 1.%° The theoretical results show that both LaTiO,N
and YTiO,N exhibit high absorption coefficients on the order of
10* em ™" at 550 nm and 450 nm, respectively. YTaON, exhibits a
favourable absorption coefficient on the order of 10* cm ™" near
the band edge at 450 nm, whereas the LaTaON, experimental
analogue shows 10° cm ™' at 550 nm near the band edge.

It has been suggested that the optimal band gap for single-
step water-splitting absorbers must be in the range of 2.10 <
Ey < 2.75 eV, with an optimum point at 2.26 eV.°® The values
larger than the 1.23 eV thermodynamic minimum water-
splitting potential are needed to achieve solar-to-hydrogen
(STH) efficiencies between 4% and 11%, due to the associated
kinetic and entropic losses.®®®” Furthermore, a 5% STH effi-
ciency was calculated as sufficient for the large-scale and cost-
effective implementation of particulate-based photocatalytic
water-splitting technology, in striking contrast to the projected
need of over 10% to 20% STH efficiency in the case of photo-
electrochemical devices (PEC).°® Therefore, with a similar order
of magnitude absorption coefficient, the larger band gaps of
both novel YTaON, and YTiO,N semiconductors are beneficial
to overcome kinetic, entropic and mass-transport-related losses
when compared to the smaller band gaps of LaTaON, and
LaTiO,N. Empirical estimations of the band-edge positions
(Fig. 6) using the Mulliken electronegativity®®>' show a favour-
able trend of increasing available potential and suitable band
positions for overall water splitting and CO, reduction when
changing from LaTaON, to YTaON, and from LaTiO,N to
YTiO,N (Fig. 6). In particular, we could expect improved per-
formance towards both the hydrogen and oxygen evolution
half-reaction. Both Y-based oxynitrides show a more negative
and more positive conduction band edge and valence band
edge position, respectively. The increased available overpoten-
tials enhance the cathodic and anodic kinetics for the
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Fig. 5 The absorption coefficient (x) of LaTaON,, LaTiO,N, YTaON,, and
YTiO; as a function of the wavelength (4).
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Fig. 6 Calculated conduction and valence band-edge positions for
LaTaON; and YTaON,. The broken lines indicate the water stability limits
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Table 2 DFT calculated properties of LaTaON,, YTaON,, LaTiO,N, and
YTiO,N. From the top: band gap energy, electronic dielectric constant,
relative dielectric constant, effective mass of electron and hole, DOS-
averaged effective masses, hole mobility and exciton binding energy

LaTaON, YTaON, LaTiO,N YTiO,N

Egexp (€V) 1.9-2.1 2.0-2.2

E, (eV) 2.3 2.7 2.1 2.9
o 7 9 9 6
& 80 59 75 47
m*® (m,) 0.6 0.7 0.9 0.9
mp*® (me) 1.0 2.4 0.7 1.0
Me*pos’. (Me) 0.2 0.2 0.1 0.2
Mu*pos’ (Me) 0.1 0.4 0.2 0.2
s’ (em® v ts™) 73 107 149 78
e (em? vt s 123 50 109 92
Ey, (meV) 0.8 2.0 1.0 3.0

¢ Harmonic average of [100], [010], [001], [110], [101], [111] directions.
b Mobility obtained from the Boltzmann transport theory as implemen-
ted in CRYSTAL17 code and calculated at a carrier density of 10" cm .
¢ The mobility was estimated under the assumption of = = 10 fs.

corresponding electrochemical redox reactions for the produc-
tion of solar fuels. Here, we note that a previous DFT(RPBE)-
based high-throughput computational screening identified
YTaON, as a stable ABON, candidate for single-photon water
splitting."® To the best of our knowledge, no prior theoretical
study has been performed on YTiO,N nor at this level of theory
and accuracy for Y-based oxynitride materials. For the first time,
we have also computed the transport characteristics of both
the experimental La-based and the novel Y-based oxynitrides
(vide infra). To this point, the relevant properties for solar energy
conversion were compiled and summarized in Table 2.

3.5. Dielectrics

The PBEO-derived geometric structure was used to calculate the
electronic and the vibrational contributions to the dielectric
constant at the HSE06 level and the PBEO level, respectively.
Briefly, a high relative dielectric constant () correlates with
a low binding energy (Ep), which is required for exciton

dissociation and the generation of free charge carriers.>
For all oxynitrides considered in this study, the calculated
electronic contributions to the dielectric constant are relatively
high, when compared to those of typical semiconductors such
as Si and GaAs (&, = 12-13).2° We predict high relative dielectric
constants of 59 and 47 for YTaON, and YTiO,N, respectively;
albeit lower than those obtained for their La-based analogues,
the magnitude is still within the range that is considered
favourable and required for solar energy conversion (& > 10).%°
In consequence, the exciton binding energy was computed
as 2 meV for YTaON, and 3 meV for YTiO,N. The obtained
binding energy values are significantly smaller than the identi-
fied threshold needed to separate charge carriers by thermal
energy (kgT) at room temperature (E, < 25 meV).>

3.6. Charge transport

After light absorption, the generated charge carriers need
efficient transport properties to avoid efficiency losses.*"°
Low effective mass can be an indication of a desirable high
mobility.”* The mobility (x) is inversely proportional to the
effective mass of the minority charge carrier (¢ = er/m*), and the
Boltzmann transport results are presented in Fig. 7. As a first
step, the parabolic approximation was used to compute the
electron and hole effective masses in various crystallographic
directions (Table 2) from the top of valence band and the
bottom of conduction band.?° Both YTaON, and YTiO,N exhi-
bit an electron effective mass similar to LaTaON, and LaTiO,N.
However, these Y-based materials possess heavier holes than
their La-based analogues. But the proximity in energy of other

-
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Fig. 7 The density-of-states-averaged electron and hole effective mass
(Men*pos) and mobility (¢e 1) obtained with the Boltzmann transport theory
as a function of the carrier density for LaTaON,YTaON,, LaTiO,N
and YTIO,N. A 10 fs scattering time (r) was assumed at a constant
temperature of 300 K.



band extrema and the difficulty to choose the most appropriate
crystallographic directions for such calculations means that the
band fitting procedure is not the most adapted method to
determine effective masses. The density of states averaged
effective mass using the semi-classical Boltzmann theory solves
these problems by taking into account several band extrema and
several crystallographic directions in the calculations. Interestingly,
the transport properties calculated within the semi-classical
Boltzmann theory captured the trend obtained using the parabolic
approximation, where the DOS-averaged electron effective mass
was reasonably similar in all the oxynitrides. Consistently, the
DOS-averaged hole effective mass increased two-fold in YTaON,
than in LaTaON,, in agreement with the parabolic approximation.
On the contrary, the DOS-averaged hole effective mass computed
for LaTiO,N and YTiO,N was equivalent (m,*pos = 0.2m,). Inter-
estingly, we emphasize the almost doubled electron mobility of
YTaON, due to the apparent relatively more localized bottom of the
conduction band at the I' point when compared to LaTaON,
(Fig. 2). Due to the computed trends of light electron effective
masses (M*pos < 0.2m,), the average electron mobility of the
Y-substituted compounds is predicted to be reasonably high
(ke & 10> em®> V' s7%, 7 = 10 fs). On average, the transport
properties of Y-based materials are not as good as those of La-based
materials, probably because of the tilting in the octahedral arrange-
ment, reducing the overlap between the orbitals.

Notwithstanding the fact that the novel materials exhibited
close to two-fold heavier holes and such a trend was reflected in
decreased mobility, overall the hole mobility is still within the
same order of magnitude of the electrons in the oxynitrides. We
thus highlight that it is unusual to find n-type oxynitride materials
with an apparent favourable hole mobility.>'*'* Therefore, based
on our DOS-extracted results, we predict exceptionally encoura-
ging transport properties for YTaON, and YTiO,N, which are
beneficial for the capture and storage of solar energy. It is never-
theless important to realize that it is difficult to universally
capture the transport characteristics both experimentally and
theoretically. For example, Castelli et al. predicted mp* > m.*
for LaTiO,N, while the opposite trend was reported by Gaudy et al.
in a recent study.">® Similarly, experimental data can also
significantly vary; for instance, the hole effective mass of CdTe
was recently determined to be 0.35,° while earlier reports
indicated a much lower value of 0.12.”' Ultimately, we propose
that the transport calculations presented enable the capture of
reasonable relative trends within the limits of the approximation
and are valid for the perovskite materials considered in this work.
As proposed by Morbec et al. for Ta;Ns,”> a way to complete the
simulation of transport properties would be to simulate the
polaronic diffusion mechanism, where the calculations would
lead to the activation energy of the hopping of polarons, on the
basis of the polaronic diffusion mechanism.

4. Conclusions

In summary, we completely characterized synthetically
unknown YTaON, and YTiO,N using first principles, and based

on our calculations, we propose them as utmost prospective
candidates for the efficient absorption and conversion of solar
energy into storable fuels. Beyond the proposed Y-based oxyni-
trides with wider band gaps, favorable band-edge positions for
hydrogen and oxygen evolution and attractive transport proper-
ties, the disclosed DFT-based protocol illustrates the total and
reliable in silico discovery of novel semiconductor materials for
solar energy applications. If the band gap of Y-based oxyni-
trides seem slightly too large for water splitting, and the ones of
La-based materials too low, we consider building a solid
solution of La and Y oxynitrides to tune the electronic proper-
ties and reach the optimum band gap around 2.3-2.5 eV.
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