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This work figures out the importance of p-type conductive materials through first-principle calculations. It is
shown that the co-doping mechanism can enhance the p-type conductivity of CuYO,. Substituting Boron at the
Yttrium (By) site, together with Oxygen at interstitial positions (O;), introduces shallow acceptor levels just above
the valence band maximum (VBM). From the thermodynamical calculations, the stability of defects was also
confirmed in O-rich synthesis conditions. A detailed analysis of the electronic band structure shows that the VBM

and CBM can be tuned by introducing suitable impurities. Likewise, the substitutional impurities Ge and In at Y
sites (Gay and Iny) are shown to have high electronic conductivity. We have demonstrated the possibility of
ambipolar charge carriers in CuYO; by co-doping.

1. Introduction

The modern electronic industry needs high-performance optoelec-
tronic devices with better efficiency to cope with the future energy
challenge. Indeed, the efficiency of such devices relies on the properties
of constituent semiconductor materials. Researchers have received
considerable attention in transparent conducting oxide (TCO) materials
in recent decades due to their underlying physical properties like wide-
bandgap nature and good electrical conductivity. Moreover, they have a
wide range of technological applications such as transparent contact in
flat panel displays, light-emitting diodes, optical sensors [1,2], photo-
voltaic devices [3], and low emissivity windows [4], etc. Although many
n-type TCOs such as Tin Oxide (SnO5) [5], Indium Oxide (Iny03) [6], Tin
doped Indium Oxide (ITO) [7], and ZnO [8] have been discovered and
widely used in optoelectronic applications, a dearth in their p-type
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counterparts impede the advancements of transparent p—n junction
formation to develop the next generation high-efficiency electronic de-
vices called invisible electronics [9]. In this aspect, exploring new ma-
terials with enhanced p-type conductivity is an immense challenge.
Copper-based delafossite materials of type CuMO, (M = B, Al, In, Ge,
Fe, Cr, Sc, and Y [10-20]) are having wide bandgap (greater than 3.1 eV)
nature and also natural p-type conductivity. These materials started to
attract the attention of researchers when Kawazoe et al. [13], first re-
ported naturally occurring p-type conductivity with good transparency
in the polycrystalline thin films of CuAlO, prepared using laser ablation
method [13]. Thus prepared CuAlO; showed a bandgap (E,) of 3.5 eV
from the optical absorption measurements, and the maximum obtained
Hall mobility of positive holes was 10.4 cm?V~'s~! [13]. Even though
the obtained Hall mobility of holes in CuAlO, is comparable to that of
ITO, it is less than the conductivity of conventional n-type TCOs. All
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other delafossite materials with different trivalent cations also exhibit
small p-type conductivity, which must be improved to use them effi-
ciently. Efforts have been made to improve the p-type conductivity in
delafossite structured materials by creating suitable defects. However,
increasing the conductivity of holes by suitable doping leads to a
decrease in transparency and vice versa. Hence, many research efforts
are needed to enhance the conductivity of p-type TCOs without
compromising their transparency.

Generally, the electrical conductivity of copper-based delafossite
compounds is increased by suitable doping and also depends on the size
of trivalent cations [14]. Furthermore, the electrical conductivity is
directional dependant [20,21], and for hole conductivity, these mate-
rials adopt a small polaron hopping mechanism [22]. Among the copper
delafossite compounds with trivalent cations of group IIIB elements
(such as B, Al, Ga, and In), CuGaO, shows the highest conductivity of 1 S
cm ! by Fe substitution instead of Ga [18]. Both CuAlO; and CulnO
show improved p-type conductivity by N (at interstitial site) [23] and Ca
(instead of In) [19] doping, respectively, which is less than that of
CuGaOg, besides CulnO, shows n-type conductivity with Sn doping [19].
Moreover, Oxygen interstitial in delafossite compounds also increases
the hole concentration and p-type conductivity. However, doping Oxy-
gen at interstitial sites needs large trivalent cations [15]. Hence, com-
pounds with trivalent cations of group IIIA elements (such as Sc, Y, and
La) are more favourable to the Oxygen intercalation. It is observed that,
CuScO; can be oxidized up to CuScO 5 [15], CuYO; and CuLaO; can be
oxidized up to CuYOy 55 and CuLaOy 64 [11], respectively. The oxidized
CuScO; thin films show more p-type conductivity (30 Sem™ Y [12]
compared to that of CuScO, thin films with 5% Mg doping (2.28 Sem ™)
[15], but the transparency is reduced to 40% in the visible region.
However, the Oxygen intercalation in Ca doped CuYO, showed larger
p-type conductivity (8 S cm_l) than that of other defects in CuYOs.
However, with a simultaneous decrease in the transparency from 60% to
45% in the visible region [24]. All available results revealed that the
p-type conductivity of delafossite compounds increased by suitable
doping, but this correspondingly reduces the transparency [12,15,24]
and vice versa [25].

Many theoretical reports were available on copper-based delafossite
compounds, which underestimate the band gaps due to the poor
description of exchange-correlation effects between the electrons.
Among them, the Hartree-Fock method predicts considerable covalent
character in O—Cu-O fragments and strong ionic nature of bonding be-
tween trivalent cations and Oxygen [26]. Furthermore, band structure
calculations using Full-Potential Linear Muffin-Tin Orbitals (FPLMTO)
method with local density approximation (LDA) estimates the bandgap
of 1.95 eV [27] for CuAlO, and 3.3 eV for CuYO, [28], whereas the
generalized-gradient approximation (GGA) using projected augmented
wave (PAW) pseudopotential predicts the indirect bandgap of 0.49 eV
[16] for CulnO5 and 2.62 eV for CuYO5 [29]. In addition to that, the
possibility of bipolar doping in CuMO5 (M = Sc, Y) was also explored by
the first-principle calculations using PAW pseudo potential within LDA
[30]. The defect calculation using PAW with LDA as an
exchange-correlation functional reported that the vacancy of Cu and
Oxygen interstitial is the most efficient acceptors [31] in these com-
pounds. CuYOs can easily host Oxygen interstitial compared to other
delafossite compounds because of its large Cu-Cu distance [32]. More-
over, calcium dopant [33,34] and oxygen interstitial [11,24] in CuYO,
enhances the p-type conductivity than the undoped one and other
CuXOs (X = B, Al, Ga and In) delafossite compounds. Moreover, the cost
of Y is less than that of Sc, so that CuYO, might become a promising
optoelectronic material in the future.

Similar to other delafossites, the transparency of CuYO, decreases
while increasing the Ca or Oxygen dopant concentration and vice versa.
Hitherto, no theoretical study is available to explain the effects of
different substitutional and interstitial doping in CuYOs. Also, no report
shows an increase in both conductivity and transparency simulta-
neously. In this work, we attempt to study the effect of various defects
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such as interstitial Oxygen (O, Yttrium vacancy (Y), Yttrium
substituted by B, Al, Ga and In (By, Aly, Gay, and Iny) and defect com-
plexes (Yttrium substituents together with Oxygen interstitial) in the
supercell of CuYOs,. Electronic band structure, the density of states
(DOS), effective mass, charge density, electron localization function
(ELF), and optical properties are calculated and analyzed in detail.

2. Computational details

Vienna ab-initio simulation package (VASP) [35] based on projected
augmented plane wave method [36] was used to explore the material
properties. The kinetic energy cut-off of 500 eV was considered for
structural optimization, and 400 eV was used for electronic structure
and optical properties calculations. The ions are completely optimized
by minimizing the force and stress with convergence criteria of 106 eV
per unit cell and <1 meVA ! for total energy and force, respectively. The
exchange-correlation interaction between the electrons treated as GGA
[37]1 with PBE functional throughout the calculations. Owing to the
supercell calculations of pristine and various defects, a gamma-centered
k-points grid of 8 x 8 x 4 and 4 x 4 x 2 with Monkhorst-Pack [38]
scheme was used for structural optimization and materials properties
calculations, respectively. The accurate band gap of pristine CuYOs
supercell was calculated with screened hybrid functional as proposed by
Heyd, Scuseria, and Ernzerhof (HSE06 [39]) with crystalline structure
optimized using GGA. Vesta 3D visualization tool [40] was used to plot
Crystal structure, polyhedral type, charge density, and ELF.

Since this work emphasizes the study of charged point defects, cor-
recting the defect formation energy is needed to avoid the interaction
between the defects and their periodic images. Herein, the Freysoldt-
Neugebauer-Van de Walle (FNV) correction scheme [41] implemented
in the CoFFEE package [42].

3. Results and discussion
3.1. Structural investigations

Experimentally CuYO; crystallizes in rhombohedral and hexagonal
symmetry structures described with space group of R—3m (166) [43]
and P63/mmc (194) [44], respectively. These experimental structural
parameters are optimized completely by the above-said criteria and
found that the optimized structural parameters were in good agreement
with the experimental parameters. There are 0.4% and 0.5% variations
in the optimized lattice parameters and the angle, respectively, from the
experimental values for the rhombohedral structure. In the hexagonal
structure, the variations of optimized lattice parameters a and ¢ from the
experimental values were obtained as 1.2% and 0.4%, respectively. Due
to extra coupling between the occupied O p and unoccupied Y d elec-
tronic states in hexagonal symmetry [29], the calculated formation en-
ergy is 3 meV/fu lower than that of the rhombohedral structure. As the
energy difference between rhombohedral and hexagonal structures is
negligible, the experimentally synthesized CuYO, may have the possi-
bility to exhibit mixing both of these phases, depending on the growth
conditions. We have considered the hexagonal structure for calculating
the physical properties. In this structure, the Cu atoms are linearly co-
ordinated with O, and Y atoms are octahedrally coordinated with O. The
O-Cu-O linear chain connects the YOg octahedra and builds the com-
plete structure.

3.2. Phase diagram of CuYOg from chemical potential

The formation of native defects in CuYOs is subject to the chemical
potential reservoirs in their elemental phases. The individual chemical

potentials (u,) of isolated atoms are not equal to their stable elemental

form. Hence, it can be written as u, = "™ gasgas+ Ay, where Ay, are

the varying chemical potential for the respective element. Under
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thermodynamical equilibrium, the formation energy must follow [45].
AH;(CuY0y) = Ay, + Apy +24p, (€8]

Moreover, Apcy < 0, Auy < 0, and Apgp < 0. Herein, the metal-rich
and Oxygen-rich are corresponding to Apuc,y = 0 and Aup = O,
respectively. Furthermore, to extract the stability phase of CuYOs,, the
formation of competing binary phases is also considered. For example
Y203 and CuO are the binaries of CuYOj, then the following constraint
equations 2Auy + 3Aup < AHAY203) and Aucy + Apo < AHACuO),
respectively, must be accounted to confirm the stability of CuYOa.
Therefore, all considered binaries and their formation energies are listed
in table ST1 in the supplementary material. The thermodynamic sta-
bility of CuYOs is accounted by considering the formation energies of
these binaries. The total energy from the optimized FCC phase of Cu and
trigonal phase of Y and their respective total energy was taken as their
stable elemental chemical potential. Besides, the total energy of isolated
and optimized O dimer in a 15 A cubic cell was used to fix the stable
elemental chemical potential of Oxygen (E(O) = %E (02)). By considering
all of the above-said constraints as well as the constraint equations of
considered competing binaries listed, the chemical potential-based sta-
bility diagram was constructed (see Fig. 1) for CuYOs,.

The stability of CuYO; is governed by the region enclosed with the
points ABCDEFGA. Each stability point represents the change in ele-
ments’ respective atomic chemical potentials. Further, lines parallel to
the o = O represent the same Ay and the point where Ayc, and Apy are
zero is taken as Oxygen poor condition (Aup = —4.86). The defect for-
mation energies of considered defects are evaluated in these different

Materials Chemistry and Physics 285 (2022) 126101

chemical potential varying conditions.
3.3. Modelling defects

The supercells constructed with 32 and 144 atoms by extending the
lattice parameters of the unit cell as 2 x 2 x 1 and 3 x 3 x 2, respec-
tively, were considered for the defect calculations. The calculated for-
mation energy for 32 atom supercell is 0.4 meV/fu, more than that of
144 atom supercell. The slight difference in this energy could not make
any significant deviation in the results. Moreover, calculations with 32
atom supercells are computationally less expensive. Hence, the 32 atom
supercell (a = 7.1347 10\, c=11.4633 f\) was considered for the defect
calculations. The supercells with defects like interstitial Oxygen (O;),
Yttrium vacancy (Y, B, Al, Ga and In substituted for Y (By, Aly, Gay,
Iny), and substitutions with Oxygen interstitial (By + O;, Aly + O;, Gay +
O;, and Iny + O;) were modelled, and their structural parameters are
optimized with the above-said criteria.

The interstitial Oxygen atom initially taking the linear position with
Cu atoms along the b-axis (Fig. 2(a)) is displaced to the centroid of a
triangle (Fig. 2(b)) constructed by three Cu atoms after complete
structural relaxation. Further, it shows that the Oxygen moves only on
the plane of the Cu atoms (see Fig. 2(c) and (d)), as pointed out in the
experimental works [38, 5]. But, the octahedral coordination of Y situ-
ated above and below the O; is distorted due to insufficient electron gain
from the surrounding Cu atoms. Other defects such as the substitution of
B, Al, Ga, and In instead of Y (see Fig. S1(a)) also slightly affect the
O-Cu-O linear chain (see Fig. S1(b)).

The optimized interatomic distances between the constituent atoms

Fig. 1. Phase stability diagram of CuYO,, the region enclosed by the points ABCDEFG represents the stability region of CuYO,. Lines inside the diagram are cor-
responding to the constraint equation of respective binary compounds. Here, the chemical potentials are in the unit of eV.
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Fig. 2. Delafossite structure (Hexagonal phase) of CuYO, with Oxygen interstitial, projected along c-axis (a.) Initial. (b.) Projected along the a-axis (c.)Initial

(d.) Optimized.

in the defect complexes are (see Table 1) compared with that of the
pristine supercell. The optimized interatomic distances between the
constituent atoms in the pristine supercell are in good agreement with
the available theoretically calculated values using LDA [46,47] and GGA
[48] functional and also with experimentally observed values [43]. In
the defect Y, the Oxygen atoms close to Y slightly move towards Cu

Table 1
Comparison of Interatomic distance (in 10\) between the atoms of CuYO, with its
defects (where ‘M’ denotes the defect atom).

Compounds Cu-O Y-O Cu-O; Y-O; M-O M-O;
Ideal Cell 1.832 2.304 - - - -
O; 1.833 2290  2.056 2.570 - -
3 @
Yo 1.763 2267 - - 2.597 -
By 1.833 2395 - - 1.865 -
6)
By + O; 1.838 (3) 2.394 1.936 2.296 1.865 3.082
1.859 (3) 3 (6)
Aly 1.835 2357 - - 2.024 -
(6)
Aly + O; 1.845 (3) 2.364 1.969 2.337 2.058 3.094
1.859 (3) 3 3)
Gay 1.833 2342 - - 2.101 -
(6)
Gay + O; 1.842 (3) 2.344 1.974 2.355 - 3.063
1.856 (3) 3
Iny 1.832 2315 - - 2.256 -
(6)
Iny + O; 1.841 (3) 2.309  2.004 2.879 2.259 2.879
1.849 (3) 3 ©6)

and Y atoms to attract more electrons. Furthermore, in the substitutional
defects, the distance between M-O in MOg (M = B, Al, Ga, and In)
octahedra is shown to increase linearly with the ionic radius of the
substituted atoms. In concurrence with Ref. [15], the size of the
substituted trivalent cation affects the Cu-O; distance in the defect
complexes. Herein the substituted defects increase the Cu-O; distance
linearly according to their ionic radius, implying that the larger trivalent
cations facilitate more space for O; than the smaller one.

3.4. Defect formation energy calculations

The equation for calculating the formation energy of a defect X in the
charge state q is expressed as [49,50]

EPx1) = {E,m [x9] +E;""} — E,[pristine] — Zn,-,ui +q(E,+E —AVyy)

where, E,, [X?] is the total energy of supercell with defect X in the
charge state q, Eq, [pristine] is the total energy of pristine supercell, n; is a
number of atoms of type i are added (4ve) or removed (-ve), y; is the
chemical potential of an atom (type i), E, is the valence band maximum
(VBM) of the pristine cell, Ey is Fermi-energy, E”", and AVy, are the
correction terms calculated by CoFFEE package [42].

The calculated formation energies of neutral defects and defect
complexes are plotted (see Fig. 3) against the various stability points
defined by the stability diagram (see Fig. 1). The considered defects and
defect complexes are favourable to occur only at Oxygen-rich condi-
tions, except for the defects Y, By, and By + O;. The Yttrium vacancy
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Fig. 3. Defect formation energy for various neutral defects as well as their defect complexes (Oxidation and reduction conditions also depicted) against the stability

points determined from Fig. 1.

creates more local distortion, and also it disturbs nearby YOg octahedral
coordination. Similarly, in B substitution, the small ionic radius of B and
its large electronegativity also creates considerable local distortion
compared to the other substituted defects and their complexes, which
decreases the stability as indicated in Fig. 3. At O rich conditions, the
defect formation energies of substituted defects and their complexes are
almost similar. On the other hand, at O-poor conditions, the formation
energy of the above defects increases to positive values implying that the
defect complex cannot form at such Oxygen poor conditions. So, the
Oxygen-rich condition is essential to create the O; and other defect
complexes, and previously, it has been shown that experimentally
CuYO;, thin films could be oxidized by heating CuYO, in the Oy envi-
ronment [11,15,24]. Hence, the Oxygen-rich condition helps to stabilize
the defect complexes. Hereafter, the defects and their defect complexes
will be focused on which are more favourable to occur.

The formation energy of the defect O; and defect complexes By + O;,
Aly + Oj, Gay + O, and Iny + O; has been calculated with respect to the
Fermi energy starting from VBM to CBM. The VBM and CBM values are
taken from HSE corrected band edge positions. These formation energies
are calculated for the high stability points (the corners of the stability
region) in the phase diagram of CuYO2 (Fig. 1) by considering the
possible charge states for O;. It may be recalled that the chemical po-
tential of the elements Cu, Y, and O with respect to the chemical po-
tential of the corresponding precursor materials. Herein, the Oxygen-
rich as well as the metal-rich conditions are imposed as depicted in
Fig. 1 and compared with each other (see Fig. 4a, b, 4c, and 4d). As
discussed in the neutral case, the Oxygen-rich condition is more
favourable for the charged defects. The metal-rich conditions have
negative defect formation energy at the charge state of —2 when the

Fermi energy value is near CBM. As this is less significant for hole for-
mation, the discussion here is restricted to the Oxygen-rich conditions
alone.

In the neutral case, By + O; shows positive defect formation energy,
which is greater than that of O;. But, the charge states —1 and —2 were
shown to have a negative defect formation energy indicating that
shallow transition from neutral to —1 charge state occurred below VBM,
which is advantageous and eventually enhances the p-type conductivity.
Moreover, Gay + O; and Aly + O; defect complexes exhibit the same
shallow transition states. Hence, the p-type conductivity could be
improved by co-doping B, Al, and Ga with O;. At the same time, co-
doping with Iny and O;, deep transition states as in the case of O; were
created. Herein, the ionic radius of In is comparable to Y, also Y-O; and
In-O; distances are identical, but the X-O; (X = B, Al, and Ga) distance is
larger than that of Y-O;. Hence, large distortion while co-doping O; with
X (X-B, Al, and Ga) leads to shallow charge state transitions. On the
other hand, the charge state transitions of defect complexes other than
the defects mentioned above occur in the middle of the bandgap. Those
are called deep levels (or deep trap), which decreases the conductivity.
These deeper levels may help to fix the Fermi level far from the band
edges [49]. Hence this can be used as an insulating buffer layer in
electronic devices and generate monochromatic laser.

3.5. Electronic structure and density of states

Fig. 5a and b shows the site projected electronic band structures (Cu-
d2 and O-p, orbital states, respectively) of pristine CuYO, along with the
high symmetry points in the first Brillouin zone. An indirect bandgap of
2.6 eV from H to I" point is seen, which is, however, underestimated
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Fig. 4. Defect formation energy of O; and defect complexes at different charge states that are calculated with respect to the Fermi energy (Er), for the most stable

composition taken from the phase-stability diagram (Fig. 1).

compared to the experimental band gap of 3.5-3.8 eV[51-54]. A pre-
vious theoretical study using the full potential-linear muffin-tin orbitals
(FP-LMTO) method obtained an E; of 3.3 eV [28]. But our calculated
band gap value is consistent with the previous pseudo-potential based
first-principles calculations [29,31]. Accuracy in the bandgap of pristine
CuYO, was improved with our HSE calculation (see Fig. 5c¢), which
yields a bandgap of 3.4 eV, in good agreement with the experimental
band gap values [51,53,54] and with theoretical calculations using
FP-LMTO [28]. The GGA calculated bandgaps of other defect complexes
of CuYO, were corrected with the help of a scissor operator (the dif-
ference between the bandgaps of pristine CuYO; calculated using HSE
and GGA). Hereafter, the expressed band gap values are computed using
GGA and corrected with the help of a scissor operator.

The GGA calculated DOS and atomic projected band structures (see
Fig. S2) show that the valence band extends from —1 eV to —6.5 €V, in
which the Cu-d orbital states dominate from —3 eV to —1 eV. In contrast,
the O-p orbital states dominate from —3 eV to —6.5 eV energy range.
Similar to that, the calculated site projected band structures (see Fig. 5a
and b, S4(a), S4(b)) of pristine CuYO, shows that the VBM consists
mostly of Cu-d,» and non negligible Cu-s, O py, and p, orbital states.
Energetic and spatial degeneracy between Cu-d,. and O-p;, orbital states
in the VBM corroborates the probability of non-negligible hybridization
between those states. Herein, the Cu-d,» orbital de-localizes the O-p
orbitals, which enhances the p-type conductivity in CuYO, as described
earlier work [13]. Below VBM, there is also a possible non-negligible

hybridization between Cu-d,>_,» and O-p, orbital states. This hybridi-
zation leads to the sharing of electrons and elucidates non-negligible
covalent interaction between Cu and O atoms. There are no such
degenerate energy states between Y and O, implying that Y has donated
most of its electrons to O and forms significant ionic bonding with Ox-
ygen. Due to the contribution from the s orbital states of Cu, Y, and O
(see Figs. S4(a) and S4(c), and S4(d)) with Cu-d,. orbital state, CBM is
more dispersed than the VBM leading to good electronic conductivity
rather than the hole conductivity. This transparent nature, along with
the good electrical property of CuYOo, can facilitate its applications in
solar cells as transparent contacts, touch displays, and window layers.
The plotted band structure of CuYO, supercell with O; (see Fig. 6a)
shows an indirect bandgap of 2.92 eV between H and I' points after the
application of a scissor operation (see section 3.5). This bandgap is more
favourable to absorb the violet region of the electromagnetic spectrum
(see Fig. 7). These energy levels introduced by O; are mainly composed
of O;-px, O;-py (see Figs. S5(c) and S5(d)), Cu-dyy, and Cu-d,> (see Figs. S5
(a) and S5(b)) orbital states. Here also there is a possibility of hybridi-
zation between O;py or O;-py and Cu-dy, orbital states. As the O; is an
acceptor dopant, the empty conduction band states) are not affected.
The created Y[ in pristine CuYO, (see Fig. S3(d)) slightly moves the
CBM of pristine CuYO, away from the Fermi level and negligibly in-
creases the band gap value. Which also modifies the indirect bandgap of
CuYOs into the direct bandgap along with the I" point. Even though the
Y changes the indirect bandgap to a technologically important direct



T. Premkumar et al.

Materials Chemistry and Physics 285 (2022) 126101

Fig. 5. Orbital projected band structure of CuYO, (a) Cu d,2 orbital calculated using GGA, (b) O p, orbital (projected as red colour) calculated using GGA, (c)HSE
calculated band structure of pristine CuYO,. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of

this article.)

Fig. 6. Electronic band structure of CuYO, supercell with (a.) interstitial Oxygen (O; states are projected in red colour) (b.) By (B states are projected in red colour)
(c.) By + O; (both B and O; states are projected in red colour). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web

version of this article.)

bandgap nature, creating Y in CuYO; is not spontaneous according to
the formation energy calculated in this work (see Fig. 3).

The GGA calculated electronic band structures of CuYO, with By (see
Fig. 6b) shows that the created defect levels are closer to CBM, due to
which the bandgap becomes 1.81 eV. Whereas the electronic band
structure of By + O; (see Fig. 6¢) defect complex of CuYO; elucidates the
modified VBM as well as CBM, which again narrows down the bandgap
to 1.08 eV. These bandgaps of CuYO, with By and By + O; were inferred
as 1.81 eV and 1.08 eV, respectively, with the help of a scissor operator
to estimate its real bandgap. This narrow bandgap elucidates their
capability of absorbing low-energy photons. The B substitution does not
make any significant change in VBM, but CBM becomes more dispersed
than that of the pristine supercell. The change in CBM is due to the

traceable s orbital states of B (see Fig. 6b) and O (see Fig. S6(a)), dy, and
dy orbital states of Y (Fig. S6(b) and S6(c)) and also a small contribution
from Cu d,. (see Fig. S6(d)) orbital states.

The band gaps of CuYO; supercell with Aly, Aly + O;, Gay, Gay + O;,
Iny, and Iny + O; are obtained (2.66 eV, 2.29 eV, 2.45 eV, 2.06 eV, 1.70
eV, and 1.96 eV, respectively) from the GGA calculated band structure of
respective supercells (see Fig. S7(a), (b), S8(a), (b), S9(a), and (b),
respectively). All of these substitutional defects depict that the bottom-
most conduction band is mostly composed of s orbital states of corre-
sponding substituted atoms such as Al or Ga or In and Y-dy, and Y-dy,
orbitals states. Also, there is a small contribution from Cu-d,> and O-s
orbital states. The s orbital contribution from the substituted atom in-
creases (in the order of B<Al<Ga<In) at CBM with the ionic radii of the
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Fig. 7. Schematic diagram of band edge positions of CuYO, (with and without defects) and corresponding HSE corrected band gap with their absorption ranges.

substituted atom. Hence, this implies that larger ionic radii facilitate
more hybridization between s orbital of substituent atoms and d orbitals
of Y, thereby increasing the dispersion of CBM from B to In. This
dispersed nature of CBM is advantageous to the negative charge carriers,
and the material can be doped as an n-type semiconductor. The sche-
matic diagram illustrating the band edge positions of all defect com-
plexes is shown in Fig. 7), with respect to absorption regions of the
electromagnetic spectrum. The transparency of CuYOz is not increased
due to these substitutions of B, Al, Ga, and In at the Y site as expected.
This electronic structure calculation elucidates that the VBM and CBM of
CuYO; can be tuned with suitable defects and proposes new ways for
bipolar doping in CuYOs,.

3.6. Effective mass

The GGA calculated band structures were used to evaluate the
effective mass of pristine and defect complexes of CuYO,. The finite
difference method was employed to evaluate the second derivative of E-
K relation at extrema points and given in Table 2. The calculated
effective mass of holes in CuYO, is consistent with the available theo-
retical results by using polynomial fitting [48]. However, hitherto no
reports available on the effective masses of the defect complexes.

The dispersed nature of CBM rather than VBM in the calculated band
structures of pristine and supercells with defects suggests that the
electrons might have more mobility than that of holes. Calculated
effective mass (see Table 2) also confirms the same, whereas the electron
effective mass of pristine supercell is lower in the direction of I' — H
compared to that of holes. The interstitial Oxygen increases the p orbital
contribution to VBM, reducing the dispersion of energy bands at VBM
and leading to increased effective mass compared to that of pristine
CuYOs. Even though the experimental results indicated that the CuYO,

Table 2
Calculated effective mass in the unit of m, for CuYO, (with and without defects).

Compounds Effective Mass (m*)

Hole Electron

T-A I'-H I'-K I'-H
Ideal Cell 0.79 1.38 0.94 0.60
O; 1.05 2.53 0.93 0.65
Yo 1.30 1.31 0.88 0.60
By 1.71 3.56 0.40 0.58
Aly 1.83 3.37 0.51 0.63
Gay 1.25 2.46 0.43 0.58
Iny 1.17 2.55 0.50 0.66

has naturally occurring p-type conductivity [38, 41, 25], the p-type
conductivity increases with O; defect [5, 33]. Conversely, the effective
mass shows no sign of increasing p-type conductivity with O;. However,
the defect concentration in the experimental case could be more than
that in modeling, which can cause enhanced conductivity of charge
carriers. The substituted defects in CuYO5 reduce the effective mass of
an electron, where the defects with By and Gay have the lowest electron
effective masses compared to other defect complexes, and this results in
high electronic conductivity. In accordance with the band structure
calculations, the effective mass calculations also confirm the possibility
of bipolar doping in CuYOo.

3.7. Electronic charge distribution

The charge density (see Fig. S15) and electron localization functions
(ELF) (see Fig. 8) were calculated along the (110) planes for pristine and
defect complexes of CuYOs. Both the calculated charge density (see
Fig. S15) and ELF (see Fig. 8a) confirm that the bonds between Cu-O and
Y-O are mostly ionic with non-negligible covalent character in conso-
nance with partial DOS. The Cu-O bonds have more covalent charac-
teristics than the Y-O bonds. These results contradict the previous
calculations from Born effective charges by using LDA, which shows that
the Y-O bond is more covalent than the Cu-O bond [46,47]. Moreover,
the slight electronegativity difference between Cu-O (1.60) compared to
that between Y-O (2.28) is also consistent with the above results. Charge
density (Fig. S15) and ELF (see Fig. 8b) plots of CuYO5 supercell with O;
shows that the O; in the Cu plane shares an electron with Cu, and also it
attracts electrons from Y atoms present above and below. Therefore the
Y and Cu atoms are slightly moved closer to O;, clearly seen in the ELF
plot.

A small local distortion is observed from the ELF plots of CuYO,
supercell with By (see Fig. 8c), Aly (see Fig. 8d), Gay (see Fig. 8e) and Iny
(see Fig. 8f). Compared to other substituents, the O-Cu-O linear chain is
more distorted in B-doped CuYO,, owing to the large electronegativity
of B. Even though homogeneous electron density can be seen around B
from ELF, the small ELF lobe extended from O towards B implies that the
electrons get pulled towards it, implying that the B-O bond mixes both
ionic and covalent characters. Due to the small electronegativity, Al has
donated most of its electrons to O and modifies the electronic environ-
ment of O (see Fig. 8d). Hence, the bonding between Al-O is mostly ionic
with a non-negligible polar covalent character. Due to the large ionic
radius of Ga and In compared to that of B and Al, a small local distortion
is observed in Gay, and Iny substituted CuYO, (see Fig. 8e and f). The
homogeneous electronic distribution between Ga-O and In-O is seen
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Fig. 8. Calculated electron localization functions of (a.) CuYO, and the super cell CuYO, with (b.) O; (c.) By (d.) Aly (e.) Gay (f.) Iny are plotted along 110 plane.

from the plotted ELF implies that the bonds are mostly covalent. The
large ionic radius of In compared to B, Al and Ga enable the covalent
interaction with O;, which is observed in the plotted charge densities and
ELFs of CuYO, supercell with defect complexes. The local distortion is
observed in all defect complexes and decreases from B to In. This local
distortion created by the defects leads to the splitting of an energy level
and gives rise to the intermediate states or deep levels in the bandgap.
These deep levels may act as colour centers or might be useful for up-
conversion, which is important in the luminescent properties of the
materials.

3.8. Optical properties

The optical response of the material is derived from the frequency-
dependent complex dielectric function e(w) = e1(w) + iex(w). The
imaginary part of the dielectric function [e2(w)] is calculated by sum-
ming over the empty band states [55], and the real part [e;(w)] is
calculated from e3(w) via Kramers-Kronig transformation. Due to the
hexagonal symmetry, CuYO5 has two independent components of ¢; and
£9. The components perpendicular (E Lc) and parallel (E ||c) to z-axis are
denoted as £ and €7, respectively for real part of e(w), and also £5* and
&%, respectively for imaginary part of e(w). The static dielectric constant
of 5.33 and 4.64 was obtained for x and z components of ¢; (see Fig. 9a),

Fig. 9. Calculated (a) Real and Imaginary dielectric tensors of CuYO,, (b) Possible transitions are represented in the band structure corresponding to the peaks in €5,

(c) Absorption co-efficient of CuYOs,.
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respectively, are consistent with the previously calculated values of 5.47
and 4.72 [47]. The large value of the dielectric constant indicates the
good absorptive nature of CuYO,. In particular, the dielectric response
to the electric field of the components E L c and E ||c at low frequencies is
significant. However, both real and imaginary parts of the dielectric
constant become frequency-independent at high frequencies.

Both x and z components of ¢; show that the absorption starts at the
energy range of 2.6 eV, which is consistent with the band gap obtained
using GGA. The absorptive peaks in ¢; are represented by the transitions
from the valence band to the conduction band. The possible allowed
transitions giving rise to the peaks in ¢ are derived from the band
structure and plotted along with &5 (see Fig. 9b). The high peak (E;,) at
3.73 eV is mostly corresponding to the transitions between the orbital
states of Cu d at VBM and O p at CBM, Cu s at VBM and O p or Cu p at
CBM, Cudyyord,>_y» at VBM and Y s at CBM, O p, at VBM and Cu s or d,»
orY d,._,» at CBM. The transitions between the orbital states O p at VBM
and Cu or Y d at CBM, Cu s at VBM and Cu or O p, at CBM, Cud and O p,
ors, Cud and Y s orbital states are mainly responsible for the peak (E1;)
at 3.56 eV. Small peak (Eg) at 4.75 is mostly corresponding to the
transitions between Cu s and Cupy or Opy, Op,and CuorYd,:,Opand Y
d orbital states. The peak (Ez;) at 5.9 eV represents the transitions be-
tween Cu d and O s, Cu d and O p,, Cu d and Y s orbital states. The
transitions from O p and Cu d into the conduction band states are mainly
responsible for absorptive nature of CuYOs,.

These real and imaginary dielectric tensors are used to calculate the
absorption coefficient (see Fig. 9¢c), energy loss spectrum, extinction co-
efficient, reflectivity and refractive index (see Fig. 10). Both components
of absorption co-efficient show good absorption up to 13 eV energy
range. The surface perpendicular to the z-axis has good optical absorp-
tion rather than that parallel to the z-axis. A positive extinction coeffi-
cient value indicates good attenuation of the incident electromagnetic
wave. The peaks in the absorption coefficient correlate with the
extinction coefficient, implying that CuYO, completely absorbs the
incident photons. The material shows 15% reflection to the low energy
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photons, while the reflectivity increases up to 35% for high energy
photons. The obtained refractive indices of 2.31 and 2.15 (along L and
|l, respectively to the z-axis) are consistent with the previously calcu-
lated theoretical value of 2.34 and 2.17 [47]. The calculated square of
the refractive index is substantially equal to the static dielectric con-
stant, implying that the material has more electronic contribution to the
static dielectric constant than the ionic contribution. This also confirms
the existence of the covalent nature of bonding in CuYO,. These high
refractive indices indicate low light reflection loss at the interface.
Furthermore, the small energy loss function also confirms the same. All
these properties of CuYO; point out that it can be used as a potential
absorption and window material in solar cells.

4. Conclusions

The first-principles calculations were employed to study the effect on
the electronic properties of CuYO, with different types of defects and
their defect complexes. Further, analyzed the stable phase of CuYO2 and
its consequences in the defect formation energy, in which the Oxygen-
rich condition is more suitable for creating the defects such as intersti-
tial Oxygen (O;), Yttrium vacancy (Y, Yttrium substituted by B, Al, Ga
and In (By, Aly, Gay, and Iny) and defect complexes (Yttrium sub-
stituents together with Oxygen interstitial). Initially, the calculation
aimed to increase the transparency and conductivity by substituting the
IIIA trivalent cations instead of IIIB trivalent cation along with O;. The
results obtained in this work also shown to decrease the transparency
due to the combination of defects such as interstitial Oxygen (Oy),
Yttrium substituted by B, Al, Ga and In (By, Aly, Gay, and Iny) and defect
complexes (Yttrium substituents together with Oxygen interstitial). But,
co-doping of By with O; substantially improves the p-type conductivity.
Again, the band edge positions are tuned so that CuYO3 can absorb low-
energy photons and high-energy photons. Instead of transparency, the
substitutional defects enhance the electronic conductivity, and also the
materials have the capability of bipolar doping. Finally, our calculations

Fig. 10. Calculated Extinction co-efficient, Reflectivity, Refractive index and Energy loss spectrum of CuYO; using GGA.
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depict that, CuYO, with suitable defects could absorb the particular
range of energy as needed. Also, transparent nature in pure form may be
used as window material and transparent contacts in solar cells.
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