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Abstract: This work explores the possibility of increasing the photovoltaic efficiency of InP
semiconductors through a hyperdoping process with transition metals (TM = Ti, V, Cr, Mn). To
this end, we investigated the crystal structure, electronic band and optical absorption features of
TM-hyperdoped InP (TM@InP), with the formula TMxIn1-xP (x = 0.03), by using accurate ab initio
electronic structure calculations. The analysis of the electronic structure shows that TM 3d-orbitals
induce new states in the host semiconductor bandgap, leading to improved absorption features that
cover the whole range of the sunlight spectrum. The best results are obtained for Cr@InP, which is an
excellent candidate as an in-gap band (IGB) absorber material. As a result, the sunlight absorption
of the material is considerably improved through new sub-bandgap transitions across the IGB. Our
results provide a systematic and overall perspective about the effects of transition metal hyperdoping
into the exploitation of new semiconductors as potential key materials for photovoltaic applications.
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1. Introduction

Despite the emergence of new renewable energy technologies, solar energy is still attracting a
great deal of interest due to its abundant, clean and renewable characteristics. Even though silicon
solar cells dominate the market share for photovoltaic (PV) technologies, there are considerable efforts
to explore other semiconductor materials that could be used in photovoltaic devices [1,2]. To be an
adequate solar cell material, a semiconductor would need to have a direct bandgap (to enhance light
absorption and minimize nonradiative recombination). C.H. Henry estimated the thermodynamic
limit of single-energy gap photovoltaic devices, pointing out that the conversion efficiency exhibits the
highest values for bandgap values at ~1.10 and ~1.35 eV [3], being crystalline devices closer to the
thermodynamic limit. T. Unold et al. assessed the relationship between the bandgap and the maximum
obtainable open-circuit voltage (which is related to nonradiative recombination) [2,3], pointing out that
crystalline materials such as GaAs and InP could reach the highest open-circuit voltage values (closer to
the thermodynamic limit). Both InP and GaAs are III-V semiconductor materials with a direct bandgap
(1.35 and 1.42 eV for InP and GaAs, respectively) [4] close to the optimum for solar energy conversion
making them suitable candidates for solar cells. As matter of fact, energy conversion efficiencies of
around 40% have been obtained for III-V semiconductors in multijunction tandem architecture at
the laboratory scale [5]. GaAs has been widely studied despite the high toxicity of As atom [2,5-8].
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Therefore, we have focused on InP, since this semiconductor achieves an optimal combination of
bandgap width along with a high crystalline quality, to efficiently convert solar radiation into electrical
energy. Unfortunately, even the most efficient InP solar cells have only reached efficiencies up to
22.1% [9-12]. Consequently, its efficiency as a solar cell material must be improved to reach up to (or
even over) the theoretical maximum conversion efficiency ~ 33% based on the Shockley—Queisser (SQ)
model [13].

Among the alternative designs that, theoretically, can exceed the SQ limit, large efforts have
been made based on the in-gap band (IGB) concept. Those materials with an IGB (also known as an
intermediate band) own a partially filled narrow band located between the valence and conduction
bands (VB and CB, respectively) of the host semiconductor (see Figure 1). Thus, IGB materials could
improve the conversion efficiency through a three-photon absorption process: from the VB to the CB,
along with the absorption of two extra sub-bandgap photons (from the VB to the IGB and, from there,
to the CB). This would lead to the creation of additional electron-hole pairs and a higher photocurrent
without a decrease in the open-circuit voltage. Thus, the upper limit efficiency of an IGB solar cell
could reach theoretical efficiencies of up to 63.1% [14-16]. In addition, the IGB must meet some
additional requirements to improve its photovoltaic efficiency: (i) have its own small dispersion,
without it being at a discreet level; (ii) be well isolated from the VB and CB to avoid thermalization
between VB and CB; (iii) be partially filled to allow comparable rates between VB-IGB and IGB-CB
transitions; (iv) have high concentrations of IGB states to produce high absorption coefficients for those
sub-bandgap absorptions and avoid non-radiative recombination obtained through the formation
of a highly delocalized energy band [14-16]. Among the major approaches considered in designing
IGB materials, our group have extensively studied the formation of an IGB through the substitutional
doping of some cations by a transition metal (TM) [17-36]. In this way, the d-orbitals of the TM might
be located within the bandgap of the semiconductors, allowing for the formation of an isolated energy
band, while the filling of the IGB can be finetuned through the adequate selection of the TM. To
our knowledge, proposals for the creation of an IGB in InP semiconductor have not been suggested.
Recently, J. Olea et al. synthetized GaP supersaturated with Ti by means of ion implantation, followed
by pulsed-laser melting. The spectral photoconductivity measurements yielded an enhancement in the
conductivity for energies below the bandgap of GaP, which were attributed to the presence of an IGB
within the GaP bandgap [37]. The formation of an IGB in GaP hyperdoped with Ti was previously
reported by our group using ab initio calculations [17,38,39].
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Figure 1. The IGB principle: photons of different energies promoted electrons VB to CB (VB—CB), as
well as VB—IGB and IGB—CB, widening the photon range used.

The main goal of this paper is the study of the structural and electronic properties of several
TM-hyperdoped InP (TM@InP) compounds in order to find new IGB materials with improved
absorption features. Concretely, the selected TM were early 3d-block elements, whose ability to form
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an IGB has been previously demonstrated [17,20,22,23,25,26,28-31,33-36,38—44]. Hence, in this work
we investigate the structural, stability and electronic properties of several TM@InP (TM = Ti, V, Cr,
Mn). It is well-known that standard density functional theory (DFT) methods are adequate to compute
the structural and thermodynamic properties. The electronic properties of a semiconductor material
are mainly characterized through the bandgap (E) value. Unfortunately, the commonly used DFT
exchange—correlation functionals (such as the PBE one) dramatically underestimate the bandgap [45].
Aimed at providing an accurate description of the electronic structure and optical properties, DFT
methods, along with the formalism proposed by Dudarev et al. (DFT+U) [46], were used. This method
allows for a correct description of the band structure and density of states, but keeps the simplicity and
excellent quality-to-cost ratio of standard DFT methods [47]. Although PBE+U formalism would be
adequate for the native host material, such an approach has not been applied to in-gap band materials.
Our previous works have demonstrated that the many-body perturbation theory in GW approximation
(concretely GoWj approach) [48], yields electronic structure information according to experimental data
for other transition metal semiconductors with an in-gap band [24,34,35]. As a result, the electronic
structure and optical absorption features were calculated using DFT+U, while GyWj was used as
benchmark method. We find that TM-hyperdoped InP semiconductors lead to an important absorption
improvement, obtaining the most promising results for Cr@InP.

2. Computational Methodology

All calculations proposed here were performed using the Vienna ab initio simulation package
(VASP) [49,50] within the framework of the DFT and many-body perturbation theory. The model
system of InP was defined through a 2 X 2 X 2 supercell containing 64 atoms. The crystal structure
optimizations were performed using the PBEsol [51]. The Brillouin zone was sampled using an 8 X 8 x
8 I-centered grid. The forces and total energies were converged to 0.01 eV A~!, 107* eV, respectively.
The crystal structures of TM-hyperdoped InP (TM = Ti, V, Cr, Mn), with general formula TM,In;.,P,
were then built by replacing one In atom with a TM, which led to TM concentrations of x = 0.03, i.e., a
concentration of 8.51 x10%2 cm~3. Thus, the TM concentration studied was higher than the one required
to yield high absorption coefficients for new sub-bandgap absorptions and to avoid non-radiative
recombination [52].

In order to get over the bandgap underestimation of standard DFT methods, the electronic
structure and optical absorption properties of InP and TM@InP were calculated through the DFT+U
approach by using a PBE (PBE+U) exchange—correlation functional. This formalism was satisfactorily
applied to other III-V semiconductor materials [53]. DFT+U formalism introduces a strong intra-atomic
interaction in a Hartree—Fock-like manner, wherein the strength of the intra-atomic interactions is
described by U (on-site Coulomb) and ] (on-site exchange) parameters. According to the formalism
proposed by Dudarev et al., only effective Uy = U — ] parameters can account for the Coulomb
interaction [46]. In this paper, the U, value was tuned to resemble the bandgap value of InP, calculated
using a reference method (see below). Hence, several U, values (Ueg = 5, 8, 10, 15, 18 eV, see Figure S1)
for the In atom were tested. As seen in Figure S1, a value of Ugy = 15 eV yielded an analogue bandgap
than those calculated with the reference method, as well as in agreement with the experimental data [4].
We are aware that U should be chosen for each system separately. However, as seen below, Uy = 15 eV
is also adequate for TM@InP compounds with respect to the benchmark method.

The many-body perturbation theory in the GW approach [48] was used as reference method.
Concretely, GW calculations were carried out to correct the PBE eigenvalues without further interactions,
i.e., the GyW( approach [48], wherein the calculation starts from the DFT eigenvalues and eigenfunctions
to obtain many-body GW self-energy. It has been successfully proven that this method yields results
that are in good agreement with the experimental results for IGB materials [34,35]. The GyWj approach
was carried out with a I'-centered 4 x 4 x 4 k-point to sample the Brillouin zone and 512 bands.

Finally, the optical properties were assessed through the absorption coefficient derived from the
dielectric functions as, implemented in VASP code. The imaginary part of the dielectric function
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was calculated as the sum of the independent transitions between Kohn-Sham states, without
local field effects, while the real part was obtained from the imaginary part by means of the
Kramers-Kronig relations. The imaginary part was decomposed as over independent transitions by
using a home-modified version of the original OPTICS code developed by J. Furthmueller [50].

3. Results

3.1. Crystal Structure

InP semiconductor crystallized in a symmetry group of F-43m -T;* (216) with a lattice constant
ofa=5873 A [54]. In this structure, each In atom was surrounded by four P atoms in a tetrahedral
environment and vice versa (see Figure 2). Table 1 gathers the lattice cell parameters and the most
representative bond lengths for the optimized crystal structure (defined as a 2 X 2 X 2 supercell
containing 64 atoms) of InP and TM@InP. As previously mentioned, in the case of the native host
material, optimized structures led to lattice parameters and bond lengths that were in good agreement
with the experimental data. The substitutional doping of In by a TM did not lead to important changes
in the lattice cell of InP. For TM@InP compounds, TM atom was surrounded by a tetrahedron made up
of four P atoms, with average bond lengths equal to d = 2.53 A. This TM—P bond length was slightly
lower (0.01 A) compared with d(In-P) in the native compound. In addition, the six second nearest In
atoms to the transition metal also defined a distorted octahedral void with a TM-TM distance equal to
4.16 A. At the short range (i.e., in the vicinity of a TM atom, see Figure 2), In-P bond distances were
barely increased with respect to the native compound (up to 0.02 A), while no changes were found at
the long range. Finally, P-P and In-In distances could be used as a measurement of the void distortion
wherein TM was placed, compared with the In atom. In fact, the P-P and In-In bond lengths were
416 and 4.19 A, respectively, at the short range (see d; (P-P) and d; (In-In) in Figure 2). However,
P-P/In-In distances at the long range in TM@InP were slightly shorter/equal to P-P/In-In distances in
the native compound. These variations were due to the smaller atomic radius of the TM compared
with the In atom. Based on the results reported here, it can be concluded that the presence of TM atoms
does not lead to an important crystal structure distortion in the host material.

(a)

Figure 2. Cont.
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(b) (c)

Figure 2. (a) Crystal structure of TM@InP along with main bond distances; (b) transition metals (TM)
in a tetrahedral environment; (¢) TM in an octahedral environment.

Table 1. Lattice parameters (2) and bond distances (d) obtained for optimized crystal structure of InP
and TM@InP by using PBEsol functional along with experimental data of InP. For more details, see
Figure 2. Units are in Angstroms (A).

TM@InP
InP ¢ InP TM=Ti T™™M=V TM=Cr TM=Mn
a 5.87 5.87 5.86 5.86 5.86 5.86
d(In-P) 2.54 2.54
d7(In-P) 255 2.56 2.56 2.56
d,(In-P) b 2.54 2.54 2.54 2.54
d(P-P) 415 415
d;(P-P)? 416 4.16 4.16 416
do(P-P)? 414 4.14 4.14 414
d(In-In) ? 415 4.15
d7(In-In) ® 419 419 419 419
dy(In—In) ? 415 415 415 415
d(TM-P) 2.53 2.53 2.53 2.53
d(TM-In) 414 414 414 414

¢ Experimental data taken from reference [54]. ¥ The average values are collected for two kinds of bond lengths: (d;)
the closest ones to TM-P bond lengths and (d) the remaining ones.

3.2. Heat of Solution of TM@InP

The thermodynamic stability of the IGB materials studied in this paper were assessed through
their solution enthalpies (heat of the solution, AHs). For TM,In;_P, the heat of the solution can be
defined as:

AHS - ETM@I‘VIP _ E[le _ FTM _ HIV! (1)

where ETM@IP and EI"P are the total energies of TM-hyperdoped InP compounds (TMyIn; P, x = 0.03)
and the native host material (InP), respectively. pry and pj, are the chemical potential of the
incorporated T(M atom (TM = Ti, V, Cr and Mn) and the In (replaced) atom, respectively. These
chemical potentials are given by: py = 1,2 + Agy (X = TM or In), where ;%% stands for the total
energy of the X atom in its reference phase (see Table S1), and Apy is the change in the chemical
potential of the X atom when forming the compound of interest with respect to the chemical potential
of its elemental phase. In addition, the stable phase field of InP implies that:

Aup, £0; Aup <0 2)
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Aty + Aup = AHHInP) 3)

where AH{(InP) is the formation enthalpy of InP. Finally, the following constraints were also imposed:
(i) P-rich conditions, which imply:

Atip =0 — Apy, = AHAInP) (4)

(ii) the highest TM quantity was restricted by the formation of TMP as a competing phase. This
secondary phase was defined with the same structure as InP, where all In atoms were replaced by a
TM. Thus, both chemical potential of TM and P atoms must satisfy:

Ay + App < AHATMP) )

In all cases, the structure was relaxed at PBEsol level. For more details about the AH; calculation,
see reference [55]. The calculated heat of the solution is shown in Figure 3. The values for the heat of
the solution lay between —22.08 eV (TM = Cr) and 14.33 eV (Ti). The calculated heat of the solution
decreased from Ti (2 d-electrons) to Cr (d-5 electrons), while substitution with Mn (d-5 electrons) led to
a slightly larger solution heat than those obtained for TM = Cr. As mentioned, the heat of the solution
is negative for most TM-hyperdoped compounds (AH; is positive only for TM = Ti), which means that
substituting In with TM would be favored energetically. Positive AH; values for Ti@InP would also
be related to the atomic radius. It must be noted that, among selected TM, Ti atoms own the largest
atomic radius, which would lead to a less-favored In replacement. In addition, the low positive heat
of the solution can be overcome through adequate experimental conditions. In fact, positive heats of
solution have been calculated for other IGB materials based on III-V semiconductor materials such as
Mn@GaAs and Ti@GaP [39], which were experimentally synthesized [37,56].
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Figure 3. Calculated heat of solution (AH;) of TM@InP compounds (TM = Ti, V, Cr, Mn) along with the
number of 3d electrons.

3.3. Electronic Band Structure

It is well known that sunlight absorption features are directly related to the electronic structure of
the semiconductor material. Therefore, an accurate description of the electronic structure is needed. To
overcome the bandgap underestimation obtained with common DFT methods, the electronic structure
and optical absorption features of InP and TM@InP materials was calculated using PBE+U, while
more accurate ab initio computational methods, such as many-body perturbation theory in the GoWjy
approach, were used as reference methods (see above) [48]. The electronic structure and partial density
of states (PDOS) of the native host semiconductor (InP), calculated with PBE+U (GyW)), are shown
in Figure 4 (Figure S2). The results presented for InP were in agreement with experimental data [4].
The PBE+U (GyW)) results provided a direct bandgap of 1.37 eV (1.37 eV) at I point, which agreed
with the experimental value (1.35 eV). As mentioned, both PBE+U and GyW approaches give similar
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band structure and density of states patterns. A detailed inspection of the projected density of states
(Figure 4) shows that the electronic structure near the valence band maximum (VBM) was mainly
formed by participation of In-5p and P-3p states, while the conduction band minimum (CBM) was
mainly due to In-5s, In-5p and P-3p states.

Total ==
- P

Energy (eV)

K-POINTS DOS (states eV™)

Figure 4. Projected electronic band structure (left) and density of states (DOS) (right) of InP calculated
within PBE+U (U = 15 eV) approach, along with main energy differences at I'-point. The zero energy
was set at the Fermi level (black dotted line). The spin-up and spin-down bands and DOS are not given
separately, as both contributions were the same for the native InP material.

Figure 5 (Figures S3 and 54) shows the electronic band structure and PDOS of TM@InP calculated
with PBE+U (GpWj). Once again, both PBE+U and GpWy methods yielded a similar qualitative
band structure and density of states patterns (even though calculated gaps with PBE+U were slightly
underestimated with respect to GoWy). A detailed analysis of the PDOS showed that, upon In
replacement by TM, the CB and VB did not change their nature significantly: the valence band
maxima (VBM)was mostly due to the hybridization between In-5p and P-3p states, and the conduction
band minimum (CBM) was due to In-5s, In-5p and P-3p states. For the spin-down channel, TM@InP
compounds yielded a similar band structure pattern with a direct bandgap at I'-point, which was
opened to ~ 1.52 eV (1.63 eV), i.e,, 0.15 eV (0.26 eV) with respect to InP.

For the spin-up component, when one In atom was substituted by TM, several new levels (green
color in Figure 5) appeared between the edge bands of the host semiconductor (the blue and orange
lines in Figure 5). Electronic structure changes upon TM hyperdoping could be described as a direct
consequence of the crystal field created by P atoms around TM one. As discussed above, the TM atom
was placed in a tetrahedral environment of P neighboring, with an TM—P bond length equal to 2.53 A.
In a high spin configuration, as surely was the case here, the interaction between the TM and P in a
tetrahedral symmetry would cause a split of the TM-3d orbitals into a low-energy e, doublet (due to
d» and d,2_,») and a high-energy fy, triplet (dxy, dx; and d;), see Figure 6 [57]. This split was easily
noted for all TM@InP compounds, except for TM = Ti. Starting from the Ti: 4523d% and In: 5s?5p! shell
configurations, the e; doublet would be semi-filled due to the extra electron, while t,, orbitals would
be empty. As seen in Figure 5, the Er,,,,;; penetrated in the first conduction band near the CBM (located
at I'-point), which was mainly due to Ti-3d orbitals. A detailed inspection of the PDOS showed that
low-energy e, doublet comprised two flat states on the Fermi level, whilst the first conduction bands
were defined by the high-energy t,, states (although they were also hybridized with higher conduction
bands belonging to the InP). In short, the substitutional doping would lead to a bandgap increase up
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to 1.49 eV at I'-point (1.60 eV). For Ti@InP, VB-CB energy difference due to InP host semiconductor

was opened to 1.88 eV (2.25 eV).
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Figure 5. Projected electronic band structure (only the main atomic contribution was considered) and

density of states of TM@InP calculated within PBE+U (Uy

15 eV) approach, along with main energy

differences at I'-point. The zero energy was set at the Fermi level (black dotted line).
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Figure 6. (a) Projected density of states of TM@InP showing the contribution of TM 3d-orbitals. The zero
energy was set at the Fermi level (black dotted line); (b) the partial charge density of the intermediate
band state for Cr@InP.

For TM = V (4s234°), the low-energy e, doublet (fully occupied with two electrons) was located at
0.39 eV (0.51 eV) below the Er,;,;. In addition, this level was well separated from the remaining valence
band states belonging to the host InP semiconductor. The low-energy conduction bands were mainly
due to t;, manifold, which also contributed to the higher conduction bands. At I'-point, the energy split
between ¢, and t;, states was 0.66 eV (1.21 eV). Once again, the bandgap of the host semiconductor
was importantly opened. Though the VB-CB energy difference for those bands belonging to the host
semiconductor reached a value of 1.76 eV at I'-point (2.02 eV), the bandgap of V@InP was notably
smaller (0.66 eV), which corresponded to the energy split between ¢ and f;, states).

For Cr@InP (Cr: 4s'34° shell configuration), the low-energy eg doublet was full of electrons, as
well as close to the conduction band edge of the host material. In addition, Cr 3d-occupied states also
contributed to lower conduction bands. As seen in Figure 5, there was an energy difference of 0.28 eV.
The high-energy t,, manifold met the requirements to be defined as IGB: (i) the band was partially
filled (the Fermi level crossed it); (ii) the IGB was well isolated from both the CB (with an energy
difference equal to 0.34 eV (0.49 eV) at I'-point) and VB (the energy difference between the IGB and the
VB belonging to InP host material e, states was 1.28 eV (1.24 eV)); (iii) it had a small dispersion (with the
largest bandwidth = 0.20 eV along the L-T and X-I"" directions), without being in a localized defect state.
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As seen in Figure 6b, the wavefunction of the in-gap band state overlapped with the interacting orbitals
of the neighboring atoms, which pointed to a non-localized defect state. The bandgap (VB-CB energy
difference) of the host material increased to 1.62 eV at I'-point (1.74 eV), as long as the presence of the
IGB (due to £y, states) also promoted new sub-bandgap optical absorptions. As previously pointed out,
the upper-limit efficiency of an IGB solar cell could reach theoretical efficiencies up to 63.1%. Such
upper limits are ruled by a host bandgap of 1.93 eV and a partial IGB which yields two sub-bandgaps
of 0.70 and 1.23 eV, respectively [14-16]. However, the Cr@InP material yielded a host bandgap and
sub-bandgap values that were far from those ideal values; a theoretical efficiency ~ 60% would be
obtained based on its electronic structure [14-16]. This value still led to a considerable improvement
with respect to the theoretical maximum conversion efficiency of ~ 33% based on the SQ model [13].

Mn@InP (Mn: 4s°34° shell configuration) yielded slightly different results depending on the
computational method. According to the PBE+U approach, the low-energy e, doublet (which was full)
established the main contributions to the highest valence bands of this hyperdoped semiconductor, as
well as important contributions to deeper valence bands (due to InP host material). Concerning f5,
states, this high-energy triplet could be defined as an IGB band. Considering the fact that the band was
located on the Fermi level (it was partially filled with two electrons), it was well differentiated from the
band edges (the energy difference between the IGB and the VB/CB was 0.76/0.81 eV (0.81/1.18 eV) at
I'-point) and it also owned a small dispersion (the largest bandwidth was 0.23 eV). Therefore, new
optical sub-bandgap transitions across the IGB could be expected for Mn@InP. The main differences
between the GoW; and PBE+U methods were due to the dispersion of ¢; states. In short, according
to PBE+U, Mn semi-filled 34 orbitals (due to t,, levels) were located on the Fermi energy level and
were well differentiated from e, states. Meanwhile, according to GyWy, both e, and #,, manifolds were
completely split at I'-points. Nonetheless, the dispersion of ¢; states along L-I" and I'-X directions
hindered the split between filled (¢g) and semi-filled (¢;,) Mn 3d levels.

3.4. Optical Absorption Features

Finally, the optical absorption features of InP and TM@InP compounds were studied through the
dielectric function. From Figure 7, we can see that the measured absorption edge started at ~ 1.33 eV,
which corresponds with the bandgap of the material (1.35 eV); then, the absorption spectrum showed
some shoulders, and finally exponentially increased for the higher energies [58]. Although the approach
that was used to compute the dielectric functions was only based on direct transitions, our results
agreed well with the experimental data and reproduced the absorption behavior for InP. As matter
of fact, InP is a well-known direct bandgap material. According to the DFT results, the absorption
edge began at ~ 1.30 eV. The two peaks located at roughly 1.75 and 2.15 eV nicely reproduced the most
abrupted shoulder in the experimental absorption spectrum at 1.75 and 2.15 eV.

Hyperdoping with TM led to an improvement in the absorption features below the bandgap of the
InP. As seen in Figure 7, the absorption was extended up to 0.5 eV (as seen below, absorption peaks at
lower energies did not contribute to the photocurrent generation), and there was an important increase
in the photon absorption. The gained photon absorption was not only noted below the bandgap,
but also for energies higher than the bandgap of InP. The highest absorption improvements were
obtained for Cr@InP. Aimed at verifying the role of the TM in the absorption enhancements of TM@InP
materials, the imaginary part of the dielectric functions was decomposed as a sum of the independent
transitions (Figure 8). As discussed above, for the spin-down component, the main effect under TM
hyperdoping was a bandgap decrease in VB and CB, mainly due to the host material, while 34 states
were highly hybridized with the CB. Therefore, the total contribution from the spin-down channel
was labeled as VB-CB. Except for Ti@InP, the absorption spectra of TM@InP (TM =V, Cr, Mn) was
characterized by several peaks in the region below 1.50 eV. The first peak (0.20-0.25 eV) was due
to the electronic transitions between the different states forming the high energy t,, triplet (labeled
as IGB-IGB in pink color), which was defined as IGB for TM = Cr and TM = Mn. Although these
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low-energy transitions contributed to the overall absorption process, they were not directly related to
the photocurrent generation of the device [43].

1x 105
= [nP
~ -+++ Experimental
'=8x10' — Ti@InP
Q
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G VIn{a1r
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Figure 7. Absorption coefficients for InP and TM@InP (TM = Ti, V, Cr, Mn) compounds, along with
experimental data for InP (taken from reference [58]).

Ti@InP and V@InP showed a bandgap decrease due to new transitions where 3d states were
involved. Although both compounds owned 3d states in the forbidden gap of the material, none
of them met the requirements to be an IGB. Therefore, the total absorption was due to the VB-CB
transitions belonging to the host material (VB—CB transitions in blue), the VB-CB transitions where
3d states took part as donors (for simplicity, they are labeled as IGB-CB, in a red color) or acceptor
levels (VB-IGB, labeled in a green color). For Ti@InP, the absorption edge considerably increased
from ~ 1.50 eV due to VB-IGB transitions, which were related to the energy differences of 1.49 eV
between the valence and e states (Figure 5). The small absorption peak at ~ 0.65 eV mainly originated
from IGB-CB (in concordance with the energy difference ~ 0.70 eV that was measured for Ti@InP at
L-point and along X-I"" directions). For V@InP, the dielectric function gradually increased from 0.70
eV due to VB-IGB, while VB-CB transitions were mainly contributors from 1.50 eV. Mn@InP was
the only system that yielded different results depending on the applied method (PBE+U or GyWj),
above the split energy between eg and £, states and, consequently, on the formation of an IGB. The
enhancement of the absorption between 0.50 eV and 1.50 was due to IGB-CB (it started to appear at 0.50
eV, reaching the highest intensity at 0.90 eV) and VB-IGB transitions (which began at 0.70 eV, reaching
the highest intensity at 0.85 eV), respectively. For energies larger than 1.50 eV, VB-CB transitions were
the main contributors to the total absorption. It should be noted that, based on the GyW) electronic
structure, that VB-IGB transitions would barely contribute to the total dielectric function, decreasing
the gained absorption.

Among the different hyperdoped InP materials, Cr@InP provided the best improvement of the
gained photo-absorption. As seen in Figures 7 and 8, the absorption was extended below the bandgap
up to 0.75 eV due to VB-IGB transitions, which reached the highest intensity at 1.35 eV. There was
also a small IGB-CB contribution (the highest intensity was at 1.15 eV). Both VB-IGB and IGB-CB
transitions were the main contributors to the absorption of energy ~ 1.75 eV, which corresponded to
the electronic transitions between the deeper valence bands and the IGB, and between the IGB and
the higher conduction bands. Regarding the VB-CB transitions, they were the main contributors to
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absorption energies over 2.00 eV. In short, all TM@InP compounds studied in this paper provided an
absorption improvement through new transitions, due to the TM 34 states located in the forbidden gap
of the host material. However, the presence of an IGB with the adequate properties for Cr@InP yielded
the highest absorption improvement in the whole range of energies with photovoltaic applications.

6
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5 4
4 4
3
2 4
1
,_5 0 =
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4 4
3 4
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1
0 - - —
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Energy (eV) Energy (eV)
sess InP
TOTAL
VB — CB = Spin up
VB — IGB

IGB — CB - - spin down

Figure 8. Partial contributions to the imaginary part of the dielectric function ¢, multiplied by the
frequency w, for TM@InP.

4. Conclusions

The structural, electronic and sunlight-absorption properties of transition metal-hyperdoped
InP materials, i.e.,, TM@InP (TM = Ti, V, Cr, Mn), with the general formula TMyIn; <P (x = 0.03)
wereinvestigated using ab initio methods. The equilibrium structure of these compounds was not
importantly distorted due to the TM's presence, while the energetic of the hyperdoping process was
compatible with the possibility to experimentally obtain TM@InP materials under adequate conditions.
The bandgap underestimation problem of the common density-functional theory methods (DFT)
was bypassed by using more accurate electronic structure methods, such as many-body perturbation
methods in the GyWy approach and DFT along with the Dudarev approach (PBE+U, Ug = 15 eV) to
deeply assess the electronic structure of InP and TM@InP compounds. Both methods provided similar
electronic structure information. The GyWj approach needs high computational requirements; thus,
the electronic structure and optical absorption features were calculated by using DFT+U, while GyW,
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was used as benchmark method. For the spin-up component, the electronic structure results can be
interpreted in concordance with crystal field theory, i.e., TM 3d states split by the near tetrahedral
environments in two manifolds: a low-energy e; doublet and a high-energy f,, triplet. Briefly, TM
hyperdoping leads to a bandgap decrease for TM = Ti, V, although those levels are mainly located
in the forbidden gap of the host InP material. For TM = Cr, Mn (for TM = Mn, such conclusions are
only obtained with PBE+U), the high-energy #,, triplets meet the requirements to be defined as an IGB.
Thus, a theoretical efficiency ~ 60% could be obtained based on its electronic structure, which leads
to a considerable improvement with respect to the theoretical maximum conversion efficiency ~ 33%
based on the SQ model. Finally, the light absorption features were investigated through the imaginary
part of the dielectric function. The optical absorption coefficients are greatly enhanced in the whole
range of energy for photovoltaic applications and the absorption range is also largely extended up to
0.5 eV due to new electronic transitions, where TM 34 states take part at donor or acceptor levels. The
best results are obtained for Cr@InP, for which the gained photo-absorption considerably benefits from
the two photons process induced by the IGB.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/10/2/283/s1,
Figure S1: Calculated bandgap at I'-point for InP by using PBE+U formalism (Ug =5, 8, 10, 15, 18 eV). The crystal
structure optimizations were performed using the PBEsol. The blue and green dotted lines stand for GyW
and experimental value; Figure S2: Electronic band structure (left) and the density of states (right) of InP were
calculated with the GyWj approach, along with the main energy differences at I'-point. The zero energy was set
to the Fermi level (the black dotted line). The spin-up and spin-down bands and DOS are not given separately,
as both contributions are the same for the native InP material; Figure S3: Electronic band structure of TM@InP
(TM =Ti, V, Cr, Mn) calculated with the GyW, approach, along with the main energy differences at I'-point. The
zero energy was set at the Fermi level (black dotted line); Figure S4: Density of states of TM@InP (TM = Ti, V, Cr,
Mn) calculated with the GyW, approach. The zero energy was set at the Fermi level (the black dotted line); Table
S1: Crystal Structure of TM (TM = Ti, V, Cr, Mn), In and P atoms.
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Ternary spinel nitrides are a new class of semiconductor materials with tunable bandgap in the visible
range. In this work, we report a rational design of spinel-type nitride compounds with improved features
as solar cell absorber materials by way of the in-gap-band (IGB) concept. For this purpose, a systematic
screening on the effect of transition metal (M = Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Nb, Mo) hyper-
doping on the crystal and electronic structure properties of germanium (Ge) and tin (Sn) spinel nitrides
(Y -(MpSnx.mGe; x)sNg, x = 0.5, m = 0.042, 0.083) was carried out through accurate ab-initio methods.
The analysis of the electronic structure reveals that M-hyperdoped ternary spinel nitrides with M = Cr,
Co, Cu show an IGB with the adequate properties to allow two extra photon absorption processes. A

Keywords:
[V-spinel nitrides
Electronic structure

In-gap-band detailed study of the sunlight absorption properties, and maximum photovoltaic efficiencies reveal that
EI;O,IO,‘;,(’IMICS Co-hyperdoped spinel is an excellent candidate to be used in photovoltaic devices as absorber material,
-1nitio

with maximum photovoltaic efficiency of ~ 55%. Overall, our results suggest that it would be possible to
design new ternary spinel-type nitride materials with improved absorption properties suitable for poten-

tial use in photovoltaic applications.

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

[V-nitride compounds, mainly silicon nitride SizN4, are well-
known ceramics that are widely used in the industry. Si3N, owns
many desirable properties such as high thermal stability, extreme
resistance to surface oxidation, and mechanical and optical proper-
ties, which are adequate for industrial applications like turbine en-
gines, diesel engines and industrial heat exchangers [1]. Group 14
nitrides exist in two energetically favorable phases alpha («-) and
(B-) beta, which have hexagonal crystal structures with different
stacking patterns of the layered atoms perpendicular to the c axis
[2,3]. The discovery of dense nitrides with spinel structure (such as
y-Si3N4 and y-Ge3Ny) at high temperature and pressure [4,5] has
stimulated a new research area devoted to the study of IV-nitride
semiconductors with cubic spinel structure as potential candidates

* Corresponding author at: Instituto de Energia Solar, ETSI Telecomunicacién, Uni-
versidad Politécnica de Madrid, Ciudad Universitaria, s/n, 28040 Madrid, Spain.
E-mail address: ggmoreno@etsit.upm.es (G. Garcia).

https://doi.org/10.1016/j.actamat.2020.07.034

1359-6454/© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

for optoelectronic devices, e.g. field effect transistors, light emit-
ting diodes or lasers [6-10]. So far, the binary nitride compounds
with spinel structure y-AsN4 (A= Si, Ge, Sn) have been synthe-
sized with experimentally measured properties [5,11,12]. Unlike y-
Si3N4 and y-GesNy, y-Sn3N4 can be easily synthesized at ambi-
ent pressure [13,14]. In the cubic spinel structure, group 14 cations
(Si, Ge or Sn) adopt both tetrahedral and octahedral coordination
(see Fig. 1), thereby presenting a unique structure. In comparison
with hexagonal phases, spinel structures offer increased hardness
(highly adequate for mechanical applications) as well as a smaller
direct bandgap (Eg) in the UV range, that allows these materials
to be used for optoelectronic applications [3,6,7]. Several studies
have been carried out to deeply assess the electronic structure and
optical properties of y-Si3Ng4, y-GesN4 and y-Sn3Ny [9,10,12,14-
20], as well as their solid solutions (ternary nitrides) [18,21-23].
These results suggest that solid solutions of IV-nitrides with spinel
structure (with general formula (AxA’1_x)3Ny4, being A, A’ = Si, Ge,
Sn) are excellent candidates for a new class of materials with tun-
able bandgap and hardness by controlling their chemical composi-
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Fig. 1. Crystal structure of y-(MnSngsGegs)sNg (m = 0.042). For y-GesNy | y-
Sn3Ny |/ y-(SnxGe;x)3N4 Sn and M [ Ge and M / M atoms would be replaced by Ge
/ Sn | Sn atoms. Tetrahedral and octahedral environments for Ay and Ag) atoms,
respectively, are also displayed.

tion. Moreover, it has been also shown that the electronic structure
of y-Si3Ny, y-GesNy can be tailored by chemical doping [24-29].
In addition to tunable bandgap in the visible range and improved
hardness, spinel-type IV-nitrides also display photocurrent gener-
ation [30], which makes them suitable to be used as the active
absorber material in solar cell devices. Recently, Wang et al. have
pointed to semiconductors with a spinel structure as potential can-
didates to expand the scope of materials with photovoltaic appli-
cations beyond conventional semiconductors and perovskites [31].
Hence, this work is focused in the design of spinel-type IV-
nitride compounds as highly efficient solar absorber materials.
Based on the bandgap values of binary compounds [9,12,14-19,32],
only y-Sn3Ny (Eg = 1.15-1.55 eV based on ab-iniftio and experimen-
tal data) would be suitable as sunlight absorber material, since the
bandgaps of y-Si3Ny (Eg ~ 5.10 eV) and y-Ge3;Ny (Eg ~ 3.50 eV) are
too high to be used in photovoltaic devices [33]. For y-Sn3Ny4, ac-
cording to the Shockley-Queisser (SQ) model, the theoretical max-
imum solar conversion efficiency would be ~32.5-31.0% for an en-
ergy bandgap of 1.15-1.55 eV [33]. To our knowledge, proposals for
the use of IV-nitride semiconductors with spinel structure for so-
lar energy conversion are rather scarce. Caskey et al. studied the
semiconducting properties of y-Sn3N4 by thin-film experiments
and first-principle calculations [12], while Zakutayev reviewed the
recent advances in the design of semiconducting nitrides [34]. Re-
garding to IV-nitrides with spinel structure, this review only men-
tions the results previously published by Caskey et al. [12]. These
results suggest that y-Sn3N, have a large hole effective mass,
which would be responsible for the short hole diffusion length.
This problem could be fixed by alloying with other group-IV metal
nitrides, i.e. by using ternary nitrides in the spinel structure, which
would increase the bandgap up to 2.0-3.5 eV [12,18]. Therefore,
further investigation in the search of new I[V-nitrides with spinel
structure as highly efficient solar absorber materials is needed.
Among others, the photovoltaic efficiency can be improved
through sub-bandgap absorptions by way of the in-gap-band (IGB)
concept, which consists in a partially filled narrow (but delocal-
ized enough) band located between the valence and the con-
duction bands (VB and CB, respectively) of the host semiconduc-
tor. In fact, the upper limit efficiency of an IGB solar cell could
reach theoretical efficiencies up to 63.1% [35-37]. The first step in
the search of new IGB-materials is the selection of an adequate
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host semiconductor with bandgap ~ 2.0 eV, which would lead to
the highest theoretical efficiencies [35]. Based on the results of
Boyko et al. [18], together with the need of alloying y-Sn3Ny, y-
(SnxGe14)3N4 with x = 0.5 (theoretical estimated bandgap Eg ~
2.2 eV) has been proposed as host semiconductor material. From
that point on, IGB materials can be obtained through the substitu-
tional hyperdoping of some cations by a transition metal (M) [38-
64]. In this way, d-orbitals of M atoms might be located within
the bandgap of semiconductors allowing the formation of an iso-
lated energy band, while the filling of the IGB can be finetuned
through the adequate selection of M dopant. High concentrations
of IGB states (i.e., high transition metal doping concentrations) are
required to produce high absorption coefficients for those sub-
bandgap absorptions and to avoid non radiative recombination ob-
tained through the formation of a highly delocalized energy band.
This concentration is beyond Mott limit and much higher than
the solubility limit. [35-37,65] For that reason, we report a de-
tailed ab-initio study of structural and electronic structure related
properties of the spinel type IV-nitride semiconductors and their
M-hyperdoped compounds according to the general formula y-
(MmSnx-mGeq.x)3Nyg, being x = 0.5 and m = 0.042, 0.083. In the
search of the adequate transition metal, we have systematic stud-
ied 3d-block elements (Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn) along
with the most abundant 4d-block ones (Nb, Mo) as dopant ele-
ments.

2. Theoretical details

The calculations here proposed have been performed within the
PAW method [66,67] by using the Vienna ab initio simulation pack-
age (VASP) [68,69]. Firstly, structure optimizations were performed
using the PBE functional [70]. Forces and total energies are con-
verged to 0.01eVA-1, 104 eV, respectively. The Brillouin zone has
been sampled using a 8 x 8 x 8 I'-centered grid (12 x 12 x 12
for electronic structure calculations). Regarding to electronic struc-
ture calculations, the bandgap is one of the more important pa-
rameters when characterizing a semiconductor as solar cell ab-
sorber material. Hence, a proper description of the electronic struc-
ture is necessary to obtain accurate results. Several works have re-
ported the electronic structure of spinel type IV-nitrides (y-A3Nyg,
A = Si, Ge, Sn) using density functional methods (DFT) methods
[3,9,10,14,22,24,25]. It is well known that common DFT methods
considerably underestimate the bandgap [71]. In fact, previously
predicted bandgap values are considerably lower than experimen-
tal ones. Boyko et al. reported that electronic bandgap values with
significantly improved accuracy can be obtained when the m-B]
exchange functional is used [18]. Several works [12,19] have inves-
tigated the electronic structure of IV-nitrides in the spinel phase
using GW calculations, that were carried out to correct PBE eigen-
values without further interactions, ie., with the GoW, approach
[72]. As result, calculated GoW, bandgaps agree with experiments.
In addition, it has been successfully proven that this method yields
results in good agreement with experimental results for IGB mate-
rials [55,56]. However, in this work a single shot GyW, was not
able to correctly estimate bandgap values compared with the ex-
perimental ones Section 3.1. Thus, self-consistent GW, (sc-GWj)
calculations were carried out to correct PBE eigenvalues, where the
quasi-particle energies in the Green functions are iterated. GWy ap-
proach was carried out with a I'-centered 4 x 4 x 4 k-point mesh
to sample the Brillouin zone, 1024 bands and an energy cutoff of
100 eV. Due to the high computational cost of self-consistent GW,
approach, a limitation of 10 iterations for the Green function was
set. Even though, self-consistent GW, eigenvalues usually converge
in about 4/5 iterations [73]. Finally, starting from PBE wave func-
tions and quasiparticle energies (sc-GWp), optical properties have
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been assessed by solving the Bethe-Salpeter equation (BSE) as im-
plemented in VASP code [74,75].

The crystal structure of y-AsN4 (A = Ge or Sn) was defined
through a unit cell containing 56 atoms (Ay4Ns;), belonging to
the 227 (Fd-3m) space group, wherein 16 A cations (66%) adopt
an octahedral (Ay)) coordination, while 8 A cations (33%) are in
a tetrahedral environment (A)), see Fig. 1. Two parameters are
the key when optimizing the unit cell: the lattice constant and
the anion bonding parameter. Both should be optimized to achieve
minima equilibrium energies and inter-atomic forces [18]. Our tar-
get model for y-(SnpsGegs)3N4 is built taking into account that
the larger cation (Sn) fills the tetrahedral positions before the oc-
tahedral ones [18]. Therefore, there are 12 Geyy, 4 Sng and 8
Snyy, meaning that several geometrical configurations can be ob-
tained depending on the different relative position of those 4 Sn
atoms among the octahedral sites. These geometrical configura-
tions were defined using the combinatorial methodology imple-
mented in SOD (Site Occupancy Disorder) program [76]. The SOD
methodology would also allow to obtain the configurational en-
tropy. In our case, one non-degenerate configuration has a much
lower energy than the rest. Therefore, both the energy and the
free energy of the systems should be identical to the energy of
that configuration, ie., the configurational entropy would be zero.
Hence, we have only focused on those structures with the lowest
energy, which also own the highest space group symmetry (213).
Note that this ordering of group-14 atoms in y-(Sngs5Gegs)3Ny is
inverted with respect to previously studied y-(SiGe);N, ternary
spinels, where tetrahedral positions are occupied by Ge [22,23].
In this way, in correlation with the atomic radii (R;) trend (R,
> Rge > Rg;) [77]. Additionally, the crystal structure of the “re-
versed y-(SngsGegs)3Ny spinel” has been also optimized. For this
reversed structure, tetrahedral positions are occupied by Ge atoms,
ie., there are 12 Sng,, 4 Geyy and 8 Gey. The energy difference
between reversed y-(Sngs5Gegs)3Ns and y-(SngsGegs)3Ny spinels
is AE = [E(reversed y-(Sngs5Geqgs)3N4 spinel] - E[y-(Sng5Geg5)3Ny]
= 5.17 eV/unit cell. This AE points out that the stability of the re-
versed y-(SngsGeg5)3N, spinel is considerably smaller. The crystal
structures of M-hyperdoped compounds y-(MmSngs mGegs)sNg
were built from y-(SngsGeqs)3Ng, with Sn and Ge keeping their
positions as defined above by replacing one (or two} Sn, atom(s)
by M, which led to M concentration of m=0.042 (m = 0.083),
ie. a concentration of ~ 1.5+10%1 cm™3 (~ 2.9-10?! cm~3). Transi-
tion metal concentrations here studied are higher than the one
required to produce high absorption coefficients for new sub-
bandgap absorptions and to avoid non radiative recombination (>
541019 ¢m—3, known as Mott Limit) [35-37,65]. For m = 0.083 dif-
ferent crystal structures were defined using the SOD package, fo-
cusing our interest on those structures with the lowest energy and
the highest symmetry.

3. Results

3.1. Crystal structure and stability properties of y-(SngsGegs)3Ny
and y~-(MmSngs.mGeg5)3Ng

Group 14 nitrides with spinel structure have been extensively
studied through theoretical and experimental methods. In fact,
both y-GesN4 and y-Sn3N4 have been synthesized. Both com-
pounds represent the upper and lower limits of the properties here
characterized for y-(SngsGegs)sNs and y~(MmSngs.mGegs)3Ny,
Therefore, the results obtained for y-GesN, and y-Sn3N4 have
been also included for comparative purposes. Fig. 2 summarizes
the lattice cells parameters (a) and the most representative bond
lengths (d) for the optimized crystal structures. As seen there, cal-
culated values for y-Ge3N4 and y-Sn3N4 are in good agreement
with the experimental data [11,78], and the deviations are less
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than 2%. For y~(Sng5Geg s )sNa, the lattice parameter (a = 8.738 A)
is increased respect to y-Ge3N4 due to the larger atomic radius of
Sn than Ge.

The substitutional doping of Sny,y by a M atom does not lead
to important changes in the lattice cell parameter. For hyperdoped
spinels with M = Sc, Ti, Cu, Zn, Nb and Mo, d(M(o)-N) are larger
than d(Sn(e)-N) in the host material, while d(M,)-N) are shorter
for the remaining M atoms. Nonetheless, all hyperdoped com-
pounds follow the same trend: most structural parameters slightly
decrease upon Sn replacement by a M atom. Lattice parameter
changes with respect to the host material y-(SngsGegs)sN4 are
lower than 0.07 A | 0.11 A for m = 0.042/0.083, while d(Ge,)-

N) and d(Sn,,-N) are shortened by ~ 0.02/0.03 A and 0.01/0.02 A,
respectively. The decrease in the octahedral voids around M pro-
motes that d(Sniy-N) are lengthened ~ 0.08 A for both M con-
centrations. Although Fig. 2 displays average bond-length values,
six d(M,)-N) distances are not equivalent for M=V, Cr, Fe, Co, Nb
and Mo. In these systems, there is a compression of the octahe-
dral environment around M along the longitudinal z-axis. There-
fore, two d(M,)-N) bond lengths (those located along this longi-
tudinal axis) are slightly shortened respect to the remaining ones
located in the xy plane. These small distortions will influence the
electronic structure of M-hyperdoped spinels.

It is well known that nitrides are difficult to synthesize in the
laboratory. Main problems related with the synthesis of nitrides is
related with the low chemical reactivity of the N, molecule. For
this reason, nitrides generally decompose at high temperature; and
they must be synthesized in oxygen- and water-free atmospheres.
For these reasons there are several works dealing with computa-
tional materials discovery of new nitrides materials by using high-
throughput computational methods. However, these methods are
out the scope of this manuscript [79,80]. Therefore, in this paper,
the relative stability of compounds here studied has been assessed
from both energetic and bonding strength perspectives. As stated,
y-GesN4 and y-SnsN4 can be synthesized [13,14]. However, y-
Ge3Ny is a high pressure modification of the most stable phase of
Ge3Ny, ie., phenacite (p-Ge3Ny) [3], while only y-Sn3Ny is synthe-
sized at ambient pressure.

Firstly, to gain deep insight into the stability of y-
(SngsGegs)3Ng, the enthalpy of formation (AH;) has been
calculated from a) its constituent elements (AHgejements) D) ¥-
Ge3Ny and y-Sn3Ng (AHggpinel-spinel)> and ¢) p-GesNy (phenacite)
and y-Sn3Ny (AHf,phenacite-spinel)- AHf,elements / Al—lf,spinel-spinel /
AHs phenacite-spinel Measures the change in enthalpy upon forming
a compound from its constituent elements in their standard states
| v-GesNy and y-Sn3Ny4 [ p-GesNy and y-Sn3Ny; therefore it can
be directly obtained from the total energies as follows [81,82]:

AHy tements| ¥ — (Sno.5Geo5)3Na) ] = Eroe[ ¥ — (So5Geo5)3Na)]

—{4qu°+3~[0.5-u5n0+0‘5-u530]} (1)
AHg spinei—spinet| ¥ — (So.5Geo.5)3N4)] = Etot[ ¥ — (Sno.5Geo5)3Na)]
—1/2{Ewt[y — GesNa] + Erot[y — Sn3Na]} (2)
AHﬁphenucire—spinel[ V= (SnU.SGeO.5)3N4>] = EEUI[ Y- (Sn0.5G50.5)3N4)]
—1/2{Eiot[p — Ge3Na| + Etat [y — Sn3Na]} (3)

where  Eiot[y-(Sno5Gegs)3Ng)l,  Etotlp-GesNy)l,  Eror[ ¥ -GesNyJand
Eiot[y-Sn3Ny] are the total energy per formula unit of y-
(SngsGegs)3Ng)l, p-GesNy, ¥-GesNg and y-SnsNy; i (i = N, Ge,
Sn) are the total energies per atom of the constituent elements
in their elemental reference phase (see Table S3). Enthalpies here
calculated provide an energy scale that measure the strength of
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chemical bonding in a compound relative to the strength of bond-
ing in its constituents (for AHfejemenss) OF respect to a reference
compound (AHﬁspinel—spniel and AHﬁphenacite—spinel)-

In general, a negative AH; determines ranges of chemi-
cal potentials of its constituents (elements in their elemen-
tal reference phase, y-GesN4 and y-SnsN4 or p-GesN, and y-
Sn3N,4) within which the studied compound is thermodynam-
ically stable [81]. As seen in Fig. 3, the lowest AHjepements
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(—16.56 eV/unit cell} is obtained for p-Ge3Ny4, while y-Ge3N, leads
t0 AHfelements = —12.35 eV/unit cell. This trend agrees with exper-
imental data, which points out to the larger stability of p-Ge3Ny4
phase. The fact that y-Sn3N,4 presents the highest formation en-
thalpy of all compounds (9.07 eV/unit cell) and it has been al-
ready synthetized suggest that AHjejemens should not be consid-
ered as an insurmountable limitation of stability. The host ma-
terial y-(SngsGegs)3N4 presents a negative value (—2.28 eV/unit
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cell), not much higher than y-Ge3Ny (—12.35 eV/unit cell), the
most stable compound with spinel structure. Anyway, a low value
of AHjphenacite-spinet 2long to a negative AHgginer-spinel SUggest that
¥ -(Sng5Geg5)3Ny4 spinel would be relatively more stable than y-
Sn3N,4. Though the host y-(SngsGeg5)3N4 spinel could be stable, it
could be not easily synthesizable, and may require some genuine
chemistry methods such as pressure or templating.

Then, starting with the ternary y-(SngsGegs)3Ny spinel as
reference, the enthalpy of substitution (AHg) of M-hyperdoped
spinels has been calculated as:

AHs[y — (MmSngs_mGeo5)3Ns]
= {Eat[y — (MnStig5_mGeo5)3Na] + 3m - 5"}
—{Ec[y — (SnosGeos)sNa] +3m - jun°} (4)

where Eiot[y-(MmSngs-mGeos)3sNa] and Eior[y-(Sngs-mGeos)3Ngl
are the total energy per formula unit of y-(MpSngs.,Gegs)sNy
and y-(Sngs.mGegs)sNg: ;% (i = Sn, M) are the total energies
per atom of the constituent elements in their elemental refer-
ence phase (see Table S3). The trend of AHs upon Sng, replace-
ment by a transition metal can be related to the stability of y-
(MmSng 5.nGeg5)3N4 respect to y-(SngsGegs)3Ny. The lowest AH;
are obtained for M = Sc, Ti and Nb. For M = V, Cr, Mn, Fe, Co,
Ni and Mo at the lowest m concentration, AHg lie between 0 and
2 eV/unit cell. These values are slightly larger (by ~ 0.05 eV/atom)
than the formation enthalpy of the host material. Finally, M = Cu
and Zn hyperdoping lead to the highest AHs. Regarding M con-
centration, AHs tends to decrease along with M quantity, although
similar conclusions are obtained despite the concentration.

The bonding strength has been studied through the intrin-
sic hardness (from now on, hardness, H), which is defined as an
isotropic quantity that defines the resistance of a material to bond
breaking [84,85]. Note that this definition entails a single funda-
mental quantity which does not necessarily equal the measured
hardness [84,85]. The hardness has been calculated from the bond
strengths (S) of the tetrahedral and octahedral bonds (Syy and Sgy).
See the Supplementary material for a more detailed description
on the approach here used to obtain Hardness values. As seen,
both enthalpies and intrinsic hardness properties are closely re-
lated through the bond strength

The calculated H values are collected in Fig. 3. For y-Ge3Ny
(H = 26.60 GPa) and y-Sn3N4 (H = 15.46 GPa) our results are in
good accordance with previous ones [84,85] and experimental data
[83]. As expected y-(Sngs5Gegs)3N4 presents an intermediate hard-
ness value (H = 20.98 GPa) between H values for y-Ge3N4 and y-
Sn3N4. The binary nitride y-GesN, is the hardest material, while
the H decreases with the Sn proportion. Such trend can be ex-
plained based on smaller atomic radii of Ge atom (1.39 A) respect
to Sn (1.58 A) and higher d(Sn-N) distances. Both factors lead to
higher bond strengths and, hence, higher H values. H values for
M-hyperdoped compounds lie between H = 22.30 GPa (M = Nj,
m = 0.083) and H = 20.88 GPa (M = Cu, m = 0.042), which entails
variations < 6% respect to the ternary nitride y-(SngsGeqs)3Ny.
In general, larger M concentrations leads to higher H values. Ni-
hyperdoped spinel yields the highest hardness with R; = 1.25 A
for Ni atom, d(Ni)-N) ~ 2.01 A and a higher electronic valence
charge of Ni (Z: 3d%4s?) respect to Sn (Z: 5s25p2), which entails
higher Syj)v contribution respect to Sgg)n-

3.2. Electronic band structure and optical absorption features of the
host semiconductor y-(Sng5Gegs)3Ny

Electronic band structures of y-GesN4 and y-SnzNy have been
extensively studied by using ab-initio methods [3,18,19,21-23].
However, only the bandgap value (E; ~ 2.2 eV, calculated by DFT
using the MB] functional) has been reported for the ternary ni-
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tride compound y-(Sngs5Geps)3sNy [18]. Fig. 4a) shows the elec-
tronic band structure of y-(SnyGe;x)3N4 (x = 0.0, 0.5, 1.0) calcu-
lated within sc-GWj. In addition, main results derived from DFT
results obtained with PBE functional are also given (see Fig. S2) be-
cause i) PBE eigenvalues are used as starting point for sc-GW, and
ii) they provide a more detailed information about atomic band
composition or effective masses, otherwise unaffordable due to the
high computational cost of sc-GW;. As seen in Fig. S2, both PBE
and sc-GWy methods give similar qualitative electron band struc-
ture patterns. However, accurate methods (sc-GW;) are need for a
quantitative description of the energy levels.

Our results for y-GesN4 and y-SnyN4 are in agreement with
previous ab-initio reported data [3,18,19,21-23] as well as with ex-
perimental ones [12,18,33]. Both y-Ge3sN4 and y-Sn3N, exhibit a
direct bandgap (3.17 eV and 1.38 eV, respectively), in which con-
duction band minimum (CBM) and valence band maximum (VBM)
are located at the I'-point. Even though, the energy of the high-
est valence band at I' and M-points is almost the same. The up-
per valence bands of y-GesN4 [/ y-Sn3N4 are mainly due to N-p
states (as well as Gey,y-p [ Snygy-p orbitals in less extension), while
the lower conduction bands are mainly due to N-p and Ge)-s /
Snyoy-s orbitals. Sniy and Geyyy states appear at deep / high valence
| conduction bands. As Figs. 4 and S2 show, the uppermost part
of the VB in both systems is nearly flat (i.e., high hole effective
masses). This is most pronounced in y-Sn3N,4 and forms the basis
for its reported short hole diffusion length [12,18]. The bottom of
the CB, however, shows considerable dispersion (i.e., low electron
effective masses). The effective masses for holes and electrons have
been calculated by a parabolic fitting of the VB and the CB along
the directions I'-R (m* g and m~ry, respectively) I'-M (m*; and
m~rym) and I'-X (m*rx and m~y), while the average total effective
mass (m™ and m~) due to multiple band maxima or minima has
been defined to the sum of the inverse of the individual masses as
follows:

3
B
m*rg miry mrrx

We found that m*/m~ = 0.0 / 0.21 and m™/m~ = 1.08 |
0.11 for y-Ge3N4 and y-Sn3Ny, respectively (see Fig. 4b and Table
S6). Larger m* values of y-Sn3N, agree with short hole diffusion
lengths. The electronic band structure of y-(Sng5Gegs)3Ny4 can be
described as an intermediate situation between both y-GesN4 and
y-Sn3N, extrema. When increasing the quantity of Sn, the VB goes
upward while the CB slightly moves downward, resulting in a di-
rect bandgap value Eg = 2.00 eV. In agreement to Caskey et al, 12
the alloying between Ge and Sn in ternary nitrides leads to lower
hole effective mass (m* = 0.73 for y-(SngsGegs)3Ny), while elec-
tron effective mass remains unaffected.

m* =

(4)

3.3. Electronic band structure properties of y-(MmSngs.mGeps)3Ng:
seeking the most suitable transition metals to obtain an IGB-material

The substitutional hyperdoping of Sn,y by transition metals has
been proposed here to obtain an in-gap-band material. This strat-
egy is based on: (i) the well-known ability of d-orbitals of tran-
sition metals to be located within the bandgap of the host mate-
rial allowing the formation of an isolated energy band; (ii) cations
in an octahedral environment (Ge,) and Sn,) and N provide the
main contribution to the band edges of y-(SngsGegs)3Ny; (iii) al-
most all transition metals tend to present an octahedral coordina-
tion; [86] (iv) the bond strength order (Sgy ) = 2.25 > Sge) = 0.36
> Ssn(o) = 0.33) points out that the replacement of a Sn,) atom by
M would be more favored than the substitution of Gey).

Figs. S3-S14 display electronic band structure and Projected
Density of States (PDOS) of y~(MmSngs.mGegs)3Ng. Once again,
both PBE and sc-GWj, yield similar qualitative band structures and
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Fig. 4. a) Projected electronic band structure (only the main atomic contributions have been qualitatively considered) of y-(SnxGe;«)3Ns (x = 0.0, 0.5, 1.0) calculated within
the sc-GW, approach. The zero energy has been set at the Fermi level (gray dotted line). For a more detailed description of electronic bands compositions, Fig. S2 displays
the projected density of states; b) Summary of the main electronic structure band parameters: bandgap (Eg), position of the VBM respect to the Fermi level (Eygy) and
effective masses for holes (m*) and electrons (m~). Experimental bandgap values taken from references [12,18,33].

density of states patterns near the band edges as well as for those
new states appearing within the bandgap of the host material.
Hence, information about the nature of electronic states has been
obtained from PBE, while sc-GWj is needed for an accurate de-
scription of energy levels. As seen previously for the host material,
the VB (CB) is mainly dominated by N-p and Ge,)-p and Sn)- p
(N-p and Gepy-s and Sny,)-s) orbitals. Electronic structure changes
upon M-hyperdoping could be described as a direct consequence
of the crystal field created by N atoms around M ones [86,87], and
the electronic filling of d-levels. Fig. 5 shows a scheme of the split-
ting and electron filling scheme of transition metal d-orbitals in y-
(MmSng 5.mGeg5)3Ny. In the octahedral geometry, the six N atoms
are oriented along the longitudinal z-axis and the diagonal direc-
tions of the xy plane. In the crystal field theory, the interaction
between the transition metal and N atoms would cause a split of
M-3d orbitals into a low-energy t,, triplet (due to dyy, dx; and dy;)
and a high-energy e, doublet (d,, and dxz_yz). These levels further
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split into spin-up and spin-down components. For M=V, Cr, Fe,
Co, Nb and Mo there is a compression of the octahedra along the
longitudinal z-axis, which leads to a non-degenerated tyg triplet
[88]. For M-hyperdoped spinels (M = Fe, Co, Ni, Cu), two (high
or low) spin configurations would be possible. As seen in Fig. 5,
M-hyperdoping (M = Fe, Co, Ni, Cu) always leads to a low-spin
configuration for M-hyperdoped spinels. This tendency is related
to strong crystal coordination fields around M.

Fig. 6 collects bandgap values obtained within sc-GW;, ap-
proach measured at I'-point. Based on bandgap values, y-
(MmSng 5.mGeg5)3N4 can be grouped in three families of semicon-
ductor materials:

a) M-hyperdoped spinels with a single gap (M = Sc, Ti, Mn, Ni,
Nb). This family includes those semiconductors with a single
gap due to VB - CB energy difference for those bands belonging
to the host semiconductor. Except for M = Mn, these spinels
yields a bandgap ~ 2.0 eV (Eg of the host material).
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Fig. 5. Schematic representation of the splitting of d-orbitals in an octahedral coordination for y-(MmSngs.mGeos)3N4. The valence electronic configuration (Z) of M and the
number of extra electrons (D) respect to Sn (Z: 5s25p?) are also shown. Energy levels are qualitatively located respect to the Fermi level (grey dotted lines). Blue and orange
lines stand for the VMB and CBM. For a more detailed description, see Figs. S3-S14.

b) M-hyperdoped spinels with a pseudo-in-gap-band (M=V, Fe, or pseudo-IGB — CB transition for filled or empty pseudo-IGB,
Zn, Mo). A pseudo-in-gap-band (pseudo-IGB) has been here de- respectively.
fined as a band located inside the gap of the host semicon- ¢) M-hyperdoped spinels with an in-gap-band (M =Cr, Co, Cu).
ductor, which meets some requirements to be defined as an The hyperdoping with M leads to a new level in the host
IGB: (i) have its own small dispersion, without being at a dis- semiconductor bandgap which mainly comprises M-3d orbitals.
crete level; (ii) be well isolated from the band edges. However, These new levels fulfill the requirements to play as IGB, i.e., this
this pseudo-IGB is not partially filled. In addition to VB — CB band is partially filed (the Fermi level crosses it), well isolated
transitions belonging to the host material, these semiconduc- from both VB and CB and has a small dispersion. Therefore,
tors would only allow an extra sub-bandgap VB — pseudo-IGB new optical sub-bandgap transitions across the IGB (VB — IGB

and IGB — CB) could be also expected.
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Fig. 6. Bandgap values (E;) for y-(MmSngs.mGegs)sNs calculated within sc-
GWy approach measured at I'-point. Dashed horizontal lines stands for y-
(Sngs5.mGegs)3N4, For more details, see Table S7.

Because this paper is devoted to spinel-type nitride compounds
with an IGB as efficient sunlight absorbers, results and discussions
regarding the electronic structure of families a) and b) have been
moved to the Supplementary material for the sake of clarity.

Fig. 7 displays the electronic band structure of M-hyperdoped
spinels (M = Cr, Co, Cu; m = 0.042), where the substitutional dop-
ing with M leads to the formation of an IGB calculated with sc-
GWj. Starting from the Cr (Z: 3d°4s') and Sn (Z: 4s24p?) shell con-
figuration, for spin-up the t,, triplet allocates the two extra elec-
trons, while the eg doublet would be empty. Because of the com-
pression of the octahedra around the Cr atom along the longitudi-
nal axis, the tyg levels are not degenerated. Thus, the low energy
dyy orbital is full with one electron defining the last occupied va-
lence band, whilst degenerated dy, and dy, states are semi-filled
with one electron forming an IGB. This IGB is well isolated from
both the CB and VB, with an energy difference equal to 1.17 eV
| 0.59 eV at I'-point. The energy difference between the IGB and
the lowest occupied / highest valence band leads to a bandgap of
1.76 eV. However, the bandgap of the host materials (measured as
the energy difference between VB and CB belonging to the host
spinel) is opened to 2.18 eV at I'-point. The high energy e, doublet
appears at much high energy mixed with high energy conduction
bands. For spin-down channel, Cr-hyperdoped spinel yields a semi-
conductor band structure pattern with a (nearly) direct band-gap
at I'-point, which is opened to 2.18 eV (i.e., 0.18 eV with respect to
the host material). Rigorously speaking, this material owns a nearly
direct bandgap at I"-point, while the indirect bandgap is measured
at M-I points (see Table S7) due to non-degenerated energies of
the highest valence band at I' and M points. This fact is also noted
for M = Co, Cu. Since the differences between direct and indirect
bands are < 0.15 eV, from now on will we be focused on the nearly
direct bandgap at I'.

The substitutional hyperdoping with M = Co (Z: 3d”4s?) leads
to a low-spin configuration for the transition metal. For the spin-
up channel, Co-hyperdoped spinel shows a direct gap E; = 2.15 eV
at I'-point. This gap is due to the energy difference between occu-
pied and excited states belonging to the host material. Meanwhile,
the tpg manifold (which is filled with three electrons) appears at
deeper energies mixed with deep valence bands and the eg dou-
blet is located at 0.69 eV (I'-point) over the CBM. For the spin-
down component, Co-hyperdoped spinel meets the requirements
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to play as in-gap-band material. Due to the longitudinal compres-
sion along z-axis, one tp, state appears overlapping the VB at I'
and M-points, this level defines the highest valence band. Thus, the
IGB is due to the remaining t,, levels, that are semi-filled with one
electron (see Fig. 5). This IGB is well differentiated from both VB
(VB-IGB energy difference = 0.71 eV at I'-point) and CB (IGB-CB
energy difference equal to 1.26 eV at I'-point). The VB-CB energy
gap is 1.97 eV (slightly lower than the bandgap of the host mate-
rial). High-energy e; doublet is observed ~ 2.21 eV over the Fermi
energy. Thus, the crystal-field splitting energy separating the tyg
and eg states is estimated to be ~ 2.21-2.82 eV at I'.

Substitutional doping with Cu (Z: 3d'%4s') also leads to a low-
spin configuration for the transition metal. For spin-up component,
new isolated energy levels appear in the gap of the host semicon-
ductor around the Fermi level due to high energy e; doublet of
Cu. Note that this e; doublet is semi-filled with one electron lead-
ing to a IGB (see Fig. 5), while the low energy t,¢ triplet appears
at much lower energy mixed with the valence bands belonging to
the host spinel. As seen in Fig. 7, the in-gap-band is well differen-
tiated from the band edges (the energy difference between the IGB
and the VB/CB is 1.07 eV [ 1.30 eV at I"-point). Hence, the bandgap
of the host material increases to 2.37 eV at I'-point. For spin-down
channel, Cu hyperdoping leads to an electronic band structure with
an empty pseudo-IGB band. The gap of the system, defined as the
energy difference between the VB belonging to the host spinel and
the pseudo-IGB, is 1.69 eV, while the energy gap for the host ma-
terial is 2.11 eV.

As discussed, the formation of an IGB can be explained based
on the crystal field theory. However, a detailed inspection of the
projected density of states for M = Cr and Co (Fig. 8a) shows that
both the IGB and the highest valence band comprise a mix of dyy,
dx; and dy, states. This mixing between different 3d levels leading
to the IGB is mainly due to the axial compression of the octahedral
void around the transition metal. As expected, the IGB for M = Cu
is mainly due to d, and dx27y2~

In addition to be narrow enough to be well isolated from the
valence and conduction band edges of the host semiconductor,
the IGB must own small dispersion without being a discrete level.
As seen in Fig. 7, the formed in-gap bands own small disper-
sion, whose largest bandwidths lie between 0.11 eV (M = Co) and
0.43 eV (for M = Cu). For M = Co and Cu, the wavefunction of the
IGB states overlaps with the interacting orbitals of the neighboring
atoms, which agrees with a non-localized defect state. However for
M = Cr, the partial charge density for the IGB is mainly concen-
trated around the transition metal (see Fig. 8b).

The influence of M concentrations on the electronic structure
has also been assessed. At higher M concentrations (m = 0.083),
for M = Cr (Figs. 5, 6 and S6), the electronic band structure for
spin-up component shows two pseudo-IGB bands coming from Cr-
3d levels. The energy gap (0.87 eV at I'-point) is due to the energy
difference between both pseudo-IGB, while the bandgap of the
host-spinel is opened to 2.92 eV. For M = Co (Fig. 5, 6 and S9), the
IGB increases its bandwidth due to higher m values. Thus, there is
an overlap between Co-3d states and the valence band belonging
to the host material. The gap of the system due to the energy dif-
ference between the CB and filled Co-3d states is E; = 1.18 eV at
['-point. The formation of an intermediate band needs high con-
centration of IGB states (above the Mott Limit: 510" cm~3) to
produce both high absorption coefficient and to avoid non radiative
recombination. Therefore, M concentrations between 5-10'° c¢cm—3
and 1.5¢102! cm=3 (m = 0.042) would be adequate to form an in-
gap-band through the hyperdoping with M = Cr, Co, while M con-
centrations higher than 2.9¢102! cm=3 (m = 0.083) would entail
the no-formation of an IGB. For M = Cu, an IGB is also formed at
higher m values (see Figs. 5, 6 and S11), whose features are only
slightly changed upon m increase. Thus, the main energy differ-
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Fig. 7. Projected electronic band structure (only the main atomic contributions have been considered) of y-(MmSngs.mGeps)sNa (m = 0.042; M = Cr, Co, Cu) calculated
within sc-GW, approach. The zero energy has been set at the Fermi level (gray dotted line); vertical arrows stands for the main energy differences measured at ['-point.

ences are 1.01/ 1.20 / 2.21 eV for VB - IGB / IGB-CB |/ VB-CB at
I'-point.

3.4. Absorption features and photovoltaic efficiency of in-gap-band
materials

Optical absorption features and photovoltaic efficiency of M-
hyperdoped spinels with an IGB (M = Cr, Co, Cu) have been as-
sessed. Because the in-gap formation depends on the M concentra-
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tion, absorption properties and photovoltaic efficiencies here dis-
cussed are only referred to m = 0.042. Fig. 9a shows the absorp-
tion coefficient for y-(Sng5Geg5)3N4 and y-(MmSngs.mGegs.m)3Ng
(M = Cr, Co and Cu; m = 0.042). Solar spectrum is also pre-
sented in the background. As expected, in the case of the host y-
(SngsGeg 5)3N,4 the absorption edge starts at ~ 2.0 eV, which corre-
sponds with the bandgap of the host material. Hyperdoping with
M = Cr, Co, Cu leads to an improvement in the absorption fea-
tures below the bandgap of the host material. As seen in Fig. 9a,
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Fig. 8. a) Projected density of states of y-(MmSnos.mGeos)3sNg (m = 0.042; M = Cr, Co, Cu) showing the contribution of M 3d-orbitals forming the IGB. The zero en-
ergy was set at the Fermi level (black dotted line); b) the partial charge density isosurfaces (displayed at 10% of their maximum value) of the in-gap-band states for
Y-(MnSngs.mGegs)sNg (m = 0.042; M = Cr, Co, Cu). Octahedral environment around M atom is also displayed.

the absorption is extended up to 0.5 eV. But, the gained photon-
absorption is not only noted below 2.0 eV, also for energies higher
than the bandgap of y-(Sngs5Gegs)3Ny.

Aimed at quantifying the role of the transition metal in the ab-
sorption enhancements of M-hyperdoped spinels, the absorption
coefficient has been decomposed as a sum of the independent VB
—IGB, IGB — CB and VB —CB transitions. The existence and loca-
tion of overlapping and hidden peaks are found by data differen-
tiation. Thus, the analysis of the second and fourth derivatives of
the absorption coefficient has revealed the presence of hidden and
overlapped peaks. Then, the absorption coefficient has been decon-
volved by fitting a set of Gaussian peaks to the calculated absorp-
tion coefficient. Obtained peaks were assigned based on their en-
ergies in comparison to energy differences measured in the elec-
tronic band structure. Finally, those transitions corresponding to
the same type have been grouped under the same curve: VB —IGB,
IGB — CB and VB — CB. Decomposed absorption coefficients are
presented in Fig. 9b. In addition, the area under the curve (AUC),
which defines the integral of a curve that describes the absorp-
tion as a function of the energy, has been used as a quantitative
measurement of the photo-absorption respect to the host mate-
rial (see Fig. 10). Both analyses have been carried out between 0.5
and 2.5 eV, which covers the highest spectral irradiance of the So-
lar spectrum (see Fig. 9a). Absorption peaks below 0.5 eV are as-
signed to electronic transitions between the different states form-
ing the IGB. Although these low-energy transitions slightly con-
tribute to the overall absorption process, they are not directly re-
lated to the photocurrent generation of the device [63]. Results
reflect well the enhancement of the absorption features, except-

86

ing the case of M = Cr which presents similar absorption rates
than the host material (AUC = 1.87-104 cm~! eV). For this ma-
terial, there is loss of the photo-absorption of the host which is
compensated due to new transitions across the IGB. M=Co shows
significant increment (AUC = 2.52:10* cm~! eV), while M=Cu
exhibits a rise of more than 150% (AUC = 3.01+10* cm~! eV)
mainly due to VB — IGB [ IGB — (B transitions. Although the
AUC related to VB — CB always entails ~ 75-80% of the total
one, this is considerably increased upon doping with M = Co
and Cu.

Finally, optical results are used to evaluate the photovoltaic ef-
ficiency (n) of the proposed materials. Using the methodology pro-
posed by Luque et al.34, based on the detailed-balance model but
making the assumption of non-overlapping absorptions, we have
obtained maximum efficiencies under solar concentrations of 100
suns as a function of E; and the energy of the sub-bandgap tran-
sitions across the IGB (i.e., VB — IGB and -IGB — CB) measured
at I'-point. We are aware that the real photovoltaic efficiency also
depends on several factors such as the architecture of the solar
cells, the contacts, etc., which are out of the scope of this pa-
per. Thus, the simplicity of the used model renders values that
must be considered only as an ideal superior limit. Nevertheless,
the maximum efficiency here calculated could be used as a cri-
terium to evaluate the potential of a material as sunlight absorber.
As expected, M-hyperdoped spinels achieves higher 1 values than
the host material (n = 25%), which lie between n = 35% for
M = Cr, Cu and 1 = 55% for M = Co. As seen, the efficiency of Co-
hyperdoped spinels clearly exceed the limits of a single-gap solar
cell.
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As seen in Fig. 9b, both VB — IGB and IGB — CB are over-
lapped as well as sharing photons. Although overlapping absorp-
tions have generally been considered to be a source of losses. Kr-
ishna et al. proved that overlapping absorptions can lead to im-
proved photovoltaic efficiencies [89]. Hence, the detailed-balance
maximum photovoltaic efficiencies (% 1) for a solar concentration
of X = 100 has also been obtained for perfectly overlapping ab-
sorptions following the methodology proposed by Krishna et al.
[89]. In this case, sub-bandgap and bandgap energies are measured
at the highest values for the absorption coefficient which implies
that the sum of VB — IGB and IGB — CB is larger than Eg. As seen
in Fig. 10, the resulting photovoltaic efficiencies are higher in all
the cases, where M = Cr, Cu increase their photovoltaic efficiencies
up to n = 45% and 42% respectively, while for M=Co the efficiency
presents a small increase up to n = 57%. Anyway, regardless of the
approximation used, Co-hyperdoped spinel shows a considerable
improvement with respect to the theoretical maximum conversion
efficiency based on the SQ model.

4. Conclusions

By using accurate ab-initio methods, we assessed the poten-
tial of transition metal-hyperdoped IV-nitrides with spinel struc-
ture, with the general formula y-(MmSngs.mGeos)sNg (x = 0.5;
m = 0.042, 0.083), as efficient sunlight absorber materials to be
used in photovoltaic devices. For this, we have systematic studied
3d-block elements (Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn) along with
the most abundant 4d-block ones (Nb, Mo) as dopant elements. All
the results are summarized as follows:

« The stability of M-hyperdoped spinels were studied from both
energetic and bonding strength perspectives. Calculated en-
thalpies of formation for the host material are below the
upper limit defined by y-Sn3N4. The bonding strength has
been studied through the intrinsic hardness (H). H values for
M-hyperdoped compounds entail variations < 6% respect to
the ternary nitride y-(SngsGegs)3N4. Both facts point that y-
(Sng5Geqs5)3Ny4 and y-(MmSngs.mGeg5)3N4 could be stable.
Changes in the electronic structure upon hyperdoping are ex-
plained based on the crystal field created by N atoms around
M one and the electronic filling of d-levels. The substitutional
hyperdoping with M= Cr, Co, Cu leads to the formation of an
in-gap-band (IGB) in the gap of the host material with ade-
quate properties to allow two extra photon-absorption process.
A detailed analysis of the electronic structure shows that the
degeneration breaking of t,, manifold (due to the longitudinal
compression of the octahedral around M) is key for the forma-
tion of such IGB, while this IGB is due to e; doublet for Cu. It
should be noted that Cr- and Co-hyperdoped shows similar sta-
bility (AH; and H) features than the host material, while the
largest deviations are obtained for M = Cu.

Although electronic transitions across the bandgap of the host
material (i.e.,, VB — CB) entail ~ 75% - 80% of the total photo-
absorption, this is considerably improved due to electronic
transitions across the IGB below the gap of the host spinel (i.e.,
VB — IGB and IGB — CB). The most adequate photo-absorption
features are obtained for M = Co and Cu. The highest photo-
voltaic efficiency (n = 55-57%) is obtained for Co-hyperdoped
spinel.

In short, our results point out that M-hyperdoped spinels, es-
pecially with M = Co, would be excellent candidates to be used in
high-efficient photovoltaic devices as absorber material.
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