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ectronic properties of transparent
conducting delafossite: a comparison between the
AgBO2 and CuBO2 families (B ¼ Al, Ga, In and Sc, Y)

M. F. Iozzi,*a P. Vajeeston,a R. Vidya,a P. Ravindranab and H. Fjellvåga

The Ag-based delafossite transparent conducting oxides (TCO) are potential p-type materials for

transparent electronics. However, they have attracted less attention compared with the Cu-based

delafossite systems due to their difficult synthetic chemistry and relatively low conductivity. We present

here a complete comparison of structural and electronic properties of these two families based on the

results obtained from the periodic density functional calculation. The equilibrium structural parameters

are obtained with the Perdew Burke Ernzerhof (PBE) exchange correlation functional in the calculation,

while the electronic structure is investigated by using the screened hybrid functionals proposed by Heyd,

Scuseria and Ernzerhof (HSE06). The structural stabilities of these two families of compounds are similar,

being completely determined by the B-site metal ions. The density of states plots show that the valence

band is relatively broader for the Ag-compounds. The Ag-4d orbitals are narrow and much lower in

energy than the O p states. Therefore holes created at the oxygen site are highly localized and

consequently have low mobility. The computed band gaps values are found to be in excellent

agreement with the corresponding experimentally observed band gap values from optical

measurements. The effective mass analysis suggests that for the Cu-compounds the conductivity

follows the following trend: Sc > Ga z Y > Al > In, in excellent agreement with the experimental

observations. However, the calculated effective masses of the carriers suggest that the conductivity of

the Ag-based compounds follows the following trend: Sc > Y > Ga > In > Al.
I. Introduction

Transparent conducting oxides (TCO) combine transparency
(band gap > 3.0 eV) and conductivity (carrier concentration >
1020 cm�3 and high mobility) and therefore are considered very
promising candidates in applications as transparent electronic
devices. To date a number of TCO displaying n-type conductivity
are already in use in commercial devices (e.g. In2O3, ZnO and
SnO2). However, nding the p-type counterpart to be possibly
used in a transparent n:p-type junction has been more chal-
lenging. In fact most of the metal oxides are not p-type
conductors. This is because the acceptor levels are oen due
to an excess of oxygen and the created holes are strongly
localized at the oxygen sites. Their mobility is therefore very low.
In 1997, Hosono et al.1 found p-type conductivity in CuAlO2, a
transparent oxide that crystallizes with delafossite structure.
The suggested reason is that the Cu 3d states are energetically
close to the O 2p levels, and as a results the Cu–O bond has a
aterials Sciences and Nanotechnology,
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certain degree of covalency and the localization at the oxygen
site is reduced. Since then a large amount of research activity
has been carried out to understand and possibly enhance the
conductive properties of different copper-based delafossite
oxides (CuBO2, B ¼ B,2 Al,3–8 Ga,3,9 In,10,11 Sc,9,12–18 Y,3,9,13,14

and Cr9,13,19,20).
The silver-based delafossite oxides (AgBO2, B ¼ Al, Ga, In, Sc)

are also transparent. Furthermore they have a wider band gap
than the corresponding Cu-based compounds, and therefore can
in principle guarantee transparency over a wider range of the
spectrum. Nevertheless they have attracted less attention both
experimentally and theoretically. This is because the synthetic
chemistry of silver delafossite oxides is more difficult. Only a few
Ag-based delafossite oxides have been synthesized in the form of
thin lms and the evaluation of the electrical conductivity of
powder samples has several limitations.21 Furthermore, experi-
mental measurements show that the conductivity of the Ag-based
delafossite oxides is lower than that of Cu-based delafossite
oxides. For example, the conductivity of the undoped CuGaO2

(ref. 22 and 23) is 5.6–6.3� 10�3 S cm�1 whereas that for AgGaO2

(ref. 24) is only 3.2 � 10�4 S cm�1.
Generally low conductivity in a material is due to low

mobility of the carriers and/or low carrier concentration.
Nagarajan et al.13 suggested that the holes in the d-manifold
This journal is © The Royal Society of Chemistry 2015
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have higher mobility than that in the p-manifold. Furthermore,
the broad feature of the 4d bands (due to their diffuse nature)
suggests that the holes in the Ag 4d bands shall have higher
mobility than that in the Cu 3d bands, in contrast with the
experimental observations. Kandpal et al.25 investigated the
crystal structure and electronic structure of three families of
delafossite ABO2 (A ¼ Cu, Ag and Au; B ¼ B, Al, Ga, In, Sc, Y).
The authors suggested that the lower conductivity of the Ag
family is due to a less favorable mixing of the Ag d states with
the O p orbitals. They have also pointed out that when A ¼ Ag
and Au, the occurrence of A–A interactions can not be ruled out,
especially when the B ion is small.26 On the other hand these
interactions are too small to play a role in determining the
conductivity. The occurrence of Cu–Cu interactions was instead
excluded in these studies.13,25 Nevertheless, the Cu–Cu distance
is expected to have an important role in determining the
conductivity of Cu(I) oxides since they are polaronic5,14,27 and
holes are thought to hop from Cu to Cu.

The optical band gap of the Cu-based delafossites decreases
along the group IIIA (B ¼ Al, Ga and In) in apparent contrast
with the trends displayed by many semiconductors of the same
group. Nie et al.28 solved this anomaly by observing that the
measured gaps can not be associated to the direct band gap at
G, since the latter is dipole forbidden. The optically measured
band gap is instead associated with the direct band-gap tran-
sition at the next lowest energy in the conduction band. Sheets
et al.21 investigated the band gap trend in the AgBO2 family both
experimentally and computationally, nding the same band
gap anomalies observed in the CuBO2 systems.

There is a rich literature on computational studies of the Cu-
based delafossites. The majority of the works are based on band
structure calculations performed within the density functional
theory (DFT) using the local density approximation (LDA) or the
generalized gradient approximation (GGA) to account for the
exchange–correlation energy. The on-site Coulombic correction
(+U) is oen added to the LDA/GGA energy in order to correct
the self-interaction errors coming from the localized 3d
states.29–35 More recently, Scanlon et al.34,36,37 used the screened
hybrid approach as developed by Heyd, Scuseria and Ernzerhof
(HSE06 (ref. 38)) to compute the structure and energetics of
some Cu-based delafossites. A similar approach was used by
Robertson et al.,39,40 namely the hybrid functional screened-
exchange local density approximation (sX-LDA41). Recently the
GW approach42 and the Tran–Blaha modied Becke–Johnson
potential scheme43 have been applied to predict high accurate
band gaps in Cu-based TCO. On the contrary, a few computa-
tional studies of the Ag-based delafossite family have been
published. Kandpal et al.25 used plane wave/ultraso pseudo-
potential calculations to nd the equilibrium geometries.
Optimized structures were then used as input for the calcula-
tions using the Linear Muffin Tin Orbital (LMTO44) method to
compute the electronic structures. The same approach was used
in ref. 21. Moreover, the vibrational properties of AgGaO2 and
CuGaO2 were computed by Kumar et al.45 by using the density
functional perturbation theory (DFPT) based on the LDA
approach.
This journal is © The Royal Society of Chemistry 2015
In the following we analyze the crystal structure, density of
states, band-structures, charge density distribution, and carrier
effective masses of the Ag-based family of delafossite AgBO2 in
comparison with the corresponding Cu-based systems. In both
Ag- and Cu-based systems considered here the B metal will
belong to either the IIIA group (Al, Ga, In) or the IIIB group (Sc,
Y). As the gradient correction to the exchange correlation
potential improves the binding energies, the equilibrium
structural parameters are obtained at the GGA level within the
Perdew Burke Ernzerhof (PBE46) functional using force as well
as stress minimization. The optimized geometries are then used
as input for the evaluation of the electronic structure at the
HSE06 level. The ultimate goal is to provide a complete picture
of differences and similarities in the calculated properties
among these two families and to enlighten the reasons why the
conductivity in the Ag-based compounds is lower.
II. Computational details

We have investigated two series of compounds, namely CuBO2

and AgBO2 (B ¼ Al, Ga, In and Sc, Y). All the calculations were
performed within the periodic density functional theory
framework, as it is implemented in the VASP code.47 The
interaction between the core (Cu:[Ar], Ag:[Kr], Al:[Ne], Ga:[Ar],
In:[Kr], Sc:[Ne], Y:[Ar] and O:[He]) and the valence electrons
were described using the projector-augmented wave (PAW)
method.48,49 We have used the PBE gradient corrected func-
tional for the exchange–correlation part of the potential for the
structural optimization. Our previous calculations suggested50

that structural parameters in oxides can be reliably predicted
only by using large energy-cutoff to guarantee basis-set
completeness. Hence, we have used a cut-off of 800 eV. The
atoms were deemed to be relaxed when all atomic forces were
less than 0.02 eV �A�1 and the geometries were assumed to get
optimized when the total energy converged to less than 1 meV
between two consecutive geometric optimization step. The
electronic properties were computed by using the screened
hybrid functional as proposed by Heyd, Scuseria and Ernzerhof
(HSE06) for the structures optimized at the PBE level. The reli-
ability of this computational approach is discussed in the
following section. If not specied differently, we used a Mon-
khorst–Pack 9 � 9 � 9 k-mesh for the structural optimization
and the electronic structure studies. Band structures were
computed by solving the periodic Kohn–Sham equation on ten
k-points along each direction of high symmetry of the irreduc-
ible part of the rst Brillouin zone.
A. Using PBE-optimized geometries for HSE06-electronic
structure calculations

Table 1 reports the optimized structural parameters for the
AgAlO2 compound along with the percentage error with respect
to the experimental data. As previously observed by Scanlon
et al.,34,36,37 the hybrid approach HSE clearly gives better struc-
tural parameters than the PBE approach. Nevertheless, the
evaluation of the hybrid exchange correlation contribution to
the total energy is computationally demanding and therefore
RSC Adv., 2015, 5, 1366–1377 | 1367

http://dx.doi.org/10.1039/c3ra47531j


Table 1 Optimized equilibrium structural parameters for AgAlO2 (2H
polytype, read Section III.A for details). Values in parenthesis are the

percentage errors

�
%ðTheorÞ ¼ 100ðTheor� ExpÞ

Exp

�
with respect to

the experimental data (ref. 58). 5 � 5 � 3 and 9 � 9 � 5 k-meshes
were used in the HSE06 and PBE calculations, respectively

Method HSE06 % (HSE) PBE % (PBE)

a (�A) 2.887 �0.31 2.915 0.65
c (�A) 12.254 0.29 12.383 1.34
A–O (�A) 2.111 0.52 2.137 1.76
Al–O (�A) 1.920 �0.26 1.937 0.62

Fig. 1 AgAlO2 delafossite structure (space-group R3�m). Silver,
aluminium and oxygen atoms are shown in blue, green and red colors
respectively. The structure consists of layers of slightly distorted
octahedra (AlO6) separated by the O–Ag–O linear linkage.
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not feasible for the structural optimization of a large number of
systems, as we have done here.

It is worth noticing that the errors associated with the PBE
approach are within the tolerable limit (i.e. below 2% as
compared to the experimental value). This applies not only to
the AgAlO2 compound, but also to all compounds of the two
series ABO2 (Table 2). Furthermore the errors are systematically
positive and higher for the c-axis parameter, that is along the
direction parallel to the O–A–O linkage (Fig. 1). This is due to
the lack of a correct evaluation of the correlation energy asso-
ciated with the metals–oxygen bondings, typical for non-hybrid
DFT approaches. It may be noted however that a systematic
positive error represents an advantage when one wants to
compare optimized geometries within one or more families of
delafossite oxides.

On the other hand, band gaps computed at the PBE level are
always underestimated severely as compared to the experi-
mental values. Fig. 2 shows the Density of States (DOS) of the
AgAlO2. The solid and dashed curves represent respectively the
HSE06 and PBE DOS plots, computed on the structures opti-
mized at the HSE06 and PBE level of theory, respectively. Clearly
the PBE model underestimates the band-gap giving a value
below 2 eV, while the HSE06 energy gap between the highest
occupied and the lowest unoccupied level is close to 3 eV, so in
the range of the experimentally observed optical band-gap (see
further discussion). Furthermore the band width of the PBE
Table 2 Optimized equilibrium structural parameters for 3R form of AB

percentage of errors

�
100ðTheor� ExpÞ

Exp

�
with respect to the experimen

Compounds a (�A) c (�A)

CuAlO2 2.877(0.66) 17.115(0.93)
CuGaO2 3.020(1.44) 17.381(1.22)
CuInO2 3.359(2.03) 17.510(0.70)
CuScO2 3.244(0.73) 17.221(0.71)
CuYO2 3.561(0.79) 17.239(0.60)
AgAlO2 2.915(0.66) 18.576
AgGaO2 3.038(1.64) 18.876(1.84)
AgInO2 3.338(1.86) 19.170(1.55)
AgScO2 3.241(0.93) 18.797(1.40)
AgYO2 3.540 18.832

a The experimental structure is in 2H form.

1368 | RSC Adv., 2015, 5, 1366–1377
DOS is smaller and the PBE performance further deteriorates in
describing bands well below the Fermi level. The dot-dashed
curve instead shows the HSE06 DOS computed on the struc-
ture optimized at the PBE level. We will refer to this approach as
PBE//HSE06. The comparison between the solid and dot-dashed
O2 (A ¼ Ag, Cu, B ¼ Al, Ga, In and Sc, Y). Values in parenthesis are the

tal data (last column)

A–O (�A) B–O (�A) Ref.

1.884(1.07) 1.923(0.68) 59 and 60
1.872(1.30) 2.022(1.30) 60
1.852(0.38) 2.213(1.84) 61
1.846(0.76) 2.134(0.66) 16
1.835(0.44) 2.303(0.74) 60
2.137(1.76) 1.937(0.62) 58a

2.128 2.028 62
2.112(1.73) 2.210(1.66) 63
2.105 2.135 62
2.086 2.299

This journal is © The Royal Society of Chemistry 2015
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Fig. 2 Density of states of AgAlO2 (2H) computed at HSE06, PBE and HSE06//PBE levels.
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curve sheds light on the error introduced by taking the
“expanded” PBE structure. Notably, the band-gap is only slightly
lower than the one computed at the HSE06 level. Moreover the
PBE//HSE06 plot mirrors the HSE06.
III. Results and discussion
A. Structural properties of ABO2 (A ¼ Ag, Cu, B ¼ Al, Ga, In
and Sc, Y)

All the compounds considered for the present investigation
have the delafossite structure with chemical composition ABO2.
This structure consists of alternate layers of two-dimensional
closed-packed A(I) ions and the slightly distorted octahedron,
B(III)O6 sharing their edges. Layers are interconnected by the
linear linkage O–A(I)–O, where each oxygen atom is pseudo-
tetrahedrally coordinated with one A(I) ion and three oxygen
atoms. There exist two different polytypes, depending on the
relative arrangement of the layers along the stacking axis. The
3R polytype has a rhombohedral symmetry, with space-group
R�3m and a stoichiometric unit cell (see Fig. 1). Whereas the
2H polytype has a hexagonal symmetry with space group
P63/mmm and double formula unit per unit cell. Since the two
polytypes have almost the same total energies (DE(2� 2H� 3R)¼
0.05 eV for AgAlO2) and electronic features,51 the investigation for
all the compounds were made in the 3R polytype. Optimizations
started from the experimentally available 3R-structural param-
eters for all the compounds except AgAlO2 and AgYO2. In the
case of AgAlO2 the starting structural parameters for the 3R
structure were chosen from the experimental equilibrium
volume of the 2H structure. For AgYO2 no experimental struc-
tural parameters were available and hence we have taken the
structural parameters of AgScO2 as a starting point.
This journal is © The Royal Society of Chemistry 2015
Table 2 shows the optimized equilibrium structural param-
eters in the 3R structure for all the compounds considered in
the present study. Values in parenthesis are the estimated
percentage of errors with respect to the corresponding experi-
mental structural parameters. Notice that the a-lattice param-
eter is the distance between A(I) metal ions, namely the Cu–Cu
and Ag–Ag distances, while the c-lattice parameter is related to
the interlayer stacking distance.

As the atomic number of B ions increases (Al > Ga > In > Sc >
Y) the a-lattice and the c-lattice parameters increase in both
series of compounds. In fact, when the B radius increases, the
BO6 octahedron becomes more bulky (B–O distance increases)
inducing an enlargement of the entire structure. Surprisingly
this does not correspond to an elongation of the A–O distance,
that instead decreases along the group. These trends were
observed and analyzed by Kandpal et al.25 The authors hypoth-
esized that, when the B ions are small, the A ions are
compressed on the ab-plane. To minimize the repulsion some
charge is pushed out of the plane and transferred to the anti-
bonding A dz2/O pz states, thus weakening the A–O bond. As
the B ion size increases the constrain is released in favor of a
more positive bonding interaction between the A ion and the
oxygen. Consequently the A–O bond distance decreases.

For a given B, the c-lattice parameter and the A–O distance
are signicantly longer in the AgBO2 than in the CuBO2. On the
contrary the a-lattice parameters in the two series are quite
similar thus indicating that the A–A distance is solely deter-
mined by the dimension of B and it is independent from the
nature of the A-metal. This observation supports the idea
that tiny or no-interaction occurs between the A-ions, even when
A¼ Ag. It shall be noticed however that the theoretical approach
used to evaluate the bonding interaction here does not take into
RSC Adv., 2015, 5, 1366–1377 | 1369
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account relativistic and spin–orbit coupling energy contribu-
tions that instead may be relevant in such a type of contacts.
B. Analysis of electronic structure

1. Density of states (DOS). Fig. 3 shows the calculated total
density of states (DOS) and site projected density of states
(PDOS) for AgAlO2 (lower graph) and CuAlO2 (upper graph)
obtained from the hybrid functional calculation using the
optimized structural parameters in the PBE level. The Fermi
level is set to 0 eV to have meaningful comparison. In both DOS
graphs the Al states appear at the bottom of the conduction
band and hence not signicantly contribute to the valence band
region. The valence band can be divided into three areas
(namely regions I, II and III). Region I consists of hybridized A
dz2 and O 2p states, whereas, regions II and III are mainly
dominated by the A d states and O 2p states, respectively.
Clearly there are noticeable differences between the DOS plot of
AgAlO2 and CuAlO2. In particular the total valence band DOS of
CuAlO2 (between �8.4 eV and 0 eV) is broader than that of
AgAlO2 (�7.5 eV and 0 eV). This is due to the shorter bonding
interactions present in CuAlO2, resulting into a wider overlap
pattern of orbital states. On the other hand, the region II of
AgAlO2 (between �1.8 eV and �6 eV) is wider than that of the
CuAlO2 (between the �1.8 eV and �3.8 eV) and can be divided
into two sub regions (namely regions IIa and IIb). States
between �1.8 eV and �2.4 eV (region IIa) consist of O 2p states
hybridized with some Ag d states, while the area between �2.4
eV and �6 eV is a strong admixture of Ag d and O 2p (IIb)
character. The DOS analysis of CuAlO2 in Fig. 3 shows that the
region II consists mainly of Cu d states with some O 2p states.
Fig. 3 The partial density of states of AgAlO2 (bottom graph) and
CuAlO2 (top graph) in the 3R structure obtained from HSE06 func-
tional using theoretically optimized lattice parameters.

1370 | RSC Adv., 2015, 5, 1366–1377
The strong admixture of Ag d and O 2p (IIb) is mainly due the
more diffuse nature of the Ag 4d orbitals which bring more
overlap with the O 2p states. Furthermore, the Ag 4d bands are
located deeper with respect to the top of the VB as compared to
the Cu 3d. This causes the IIa region to be dominated by the O p
orbitals in AgAlO2. Furthermore, the overlap of the O 2p and Ag
d states bring the O 2p–Ag d bonding state lower in energy
resulting in low amounts of Ag-4d states present at the VBM.
This testies to the more covalent nature of the Ag–O bond as
compared with the Cu–O bond (because the covalent interac-
tions move the bonding hybrid below the VBM). Hence, the
holes created in AgAlO2 will have a strong component from the
oxygen state. Since the holes in the p-manifold have lower
mobility than the holes in the d-manifold, the conductivity of
the Ag-based delafossite is expected to be lower than that of the
Cu-based compounds.

Fig. 4 shows the DOS for AgBO2 (le side) with B¼ Al, Ga, In,
Sc and Y. The DOS analysis for CuBO2 is also shown for
comparison (right side). The main features of DOS distribution
observed for AgAlO2 are present also for B ¼ Ga and In due to
the isoelectronic as well as isostructural nature of these
compounds. The major difference is the width of the PDOS of
Fig. 4 The partial and total density of states of AgBO2 (left) and CuBO2

(right) families (B ¼ Al, Ga, In, Sc and Y) in the 3R structure obtained
from HSE06 functional using theoretically optimized lattice
parameters.

This journal is © The Royal Society of Chemistry 2015
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Ag d states that shrinks when one goes from Al to In. In fact as
the volume of the B-octahedra increase the bonding interac-
tions shorten, resulting in a narrower bonding states distribu-
tion. This occurs also in the Cu-based delafossite, in qualitative
agreement with the experimental observations.52

Interestingly, the PDOS of AgBO2 when B ¼ Sc and Y are
signicantly different from that of the AgAlO2 system. Besides a
small contribution from the B states, the valence band is due to
the strong hybridization of Ag d and O 2p states. Since the
contribution from the 4d-manifold dominates the VBM, we
expect the mobility of holes to be higher for B ¼ Sc and Y than
that for B ¼ Al, Ga, In.

2. Band structure analysis. Tables 3–5 summarize the band
parameters obtained from the calculated band structures of
ABO2 compounds. In order to have more insight into the band
structure of AgBO2 the calculated band structures are shown in
Fig. 5 and 6 and the relevant points are highlighted. We focus
rst on the compounds with B ¼ IIIA elements. Like the Cu-
based delafossite, the Ag-based compounds are also indirect
band gap materials as evident from the depicted band struc-
tures. The valence band maximum (VBM) occurs at F point and
the conduction band minimum is always at G point. The orbital
projected band structure analysis shows that the bottom-most
valence band at the F point (Fvb) is characterized by a strong
admixture of Ag dz2 and O pz, while the top-most conduction
band at the F point (Fcb) is characterized by Ag py/x, some O py/x
characters mixed with Al p states. The character of the top-most
conduction band at the L point (Lcb) also have similar character
as that at the F point. Going from B ¼ Al to In in the AgBO2

series, the electronic energy levels at Fcb and Lcb are pushed
upward in energy. In fact, due to the volume increase, the states
with charge density in the interstitial region are shown to have
higher energy.28 Therefore the direct band gap values between
the F and L points increases. For AgAlO2 the valence band at G
(Gvb) is purely a non-bonding O py/x state, while the conduction
band (Gcb) is Ag dz2 with minor contribution from s-orbitals of
Ag, O and the B metal. As the radius of the B ion increases, the
Gvb gains some contribution from B d and Ag 4d states and is
therefore pushed upwards. On the other hand the anti-bonding
B s levels are pushed downward and so is the Gcb. Consequently
the direct transition at G and the indirect transitions decrease in
energy.
Table 3 Comparison between the computed and experimental optical tra
i.e. the energy for the transition VBM / CBM (the high symmetry points
Eind(exp) are the observed lowest direct and indirect transitions, respect

B DFdir DLdir Eg Ed

Al 4.3 4.1 3.4 (F / G) 3.
Ga 4.5 4.0 2.2 (F / G) 3.
In 4.7 4.5 1.6 (F / G) 3.
Sc 4.8 3.7 3.7 (L / G) 3.
Y 5.0 4.0 4.0 (L / G) —

a Values in the range 1.65 O 2.1 eV have been originally reported as indir

This journal is © The Royal Society of Chemistry 2015
Similar trends have been already observed for the Cu-
compounds. The only exception is made by the direct band
gap at L for the CuGaO2 not following the trend, but being
slightly lower than the value of CuAlO2. Nie et al.28 explained
this irregularity by noting that the Lcb point contains group-III s
character and that the Ga 4s has much lower energy than Al 3s
orbitals. This irregularity is not present in the Ag-based family
because the contribution from the group IIIA s orbital is much
lower in the Ag-family as compared to the Cu-family. It is worth
noting however that previous calculations21 report the same
irregularity for the direct band gap at the M point of AgGaO2

(2H). However the authors in ref. 21 used the LMTO method
while we are using the more accurate HSE06 approach.

For the group IIIB compounds, the Ag-based and the Cu-
based families differ (Fig. 6). The AgScO2 and AgYO2 are still
indirect band gap materials with the VBM placed at L and the
CBM at G. This is at variance with the corresponding Cu-based
compounds that in fact have a direct band gap.

Within the Ag-based family the conguration at F and L in
the IIIB compounds is similar to the IIIA compounds and the
fundamental direct band gap follows the same trend
(increasing from Sc to Y). Interestingly the conguration at
Gvb in both AgScO2 and AgYO2 is solely due to the non-bonding
O py/x state, similarly to what has been observed for AgAlO2.

At Gcb instead the amount of anti-bonding B s levels
decreases passing from Sc to Y and so the energy is shied
upwards. As a results the direct band gaps at G and the indirect
band gaps increase in energy along the IIIB group.

An overview of the measured optical band gaps for the two
families is given in Tables 3 and 4. The correlation between the
measured optical band gaps and the calculated band gaps for
the Cu-based delafossite has been already discussed elabo-
rately. The experimental values increase along the IIIA group,
3.5 (CuAlO2) / 3.6 (CuGaO2) / 3.9–4.4 (CuInO2), in apparent
contrast with the trends displayed by many semiconductors of
group IIIA. Nie et al.28 observed that the measured gaps cannot
be associated to the direct band gap at G, since the latter is
dipole forbidden. The optically measured band gap is instead
associated with the direct band-gap transition at the next lowest
energy in the conduction band. Therefore the experimental
band gaps shall be compared with the computed direct band
gap at L, that in fact decreases along the group, despite the
irregularity observed for the CuGaO2 compound. The lower
nsitions for CuBO2 (B¼ Al, Ga, In and Sc). Eg is the computed band gap,
corresponding to the VBM and CBM are also indicated). Edir(exp) and

ively. Values are in eV

ir(exp) Eind(exp)

5 (ref. 7, 64 and 65) 3.0a (ref. 7, 64 and 65)
6 (ref. 66) —
9 (ref. 54), 4.15 (ref. 11), 4.45 (ref. 67) 1.44 (ref. 67)
6 (ref. 12) —

—

ect transitions and lately ascribed to the presence of impurities.7,64
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Table 4 Comparison between the computed and experimental optical transitions for AgBO2 (B¼ Al, Ga, In and Sc). Eg is the computed band gap,
i.e. the energy for the transition VBM / CBM (the high symmetry points corresponding to the VBM and CBM are also indicated). The experi-
mental optical transitions have not yet been resolved into direct and indirect transitions. For the sake of clearness, the form of the samples on
which the measurements were done is also reported. Values are in eV

B DFdir DLdir Eg E(exp)

Al 4.4 4.5 2.7 (F / G) 3.6 (powder)21

Ga 4.5 4.6 1.8 (F / G) 2.38 (crystal),68 2.4 (powder)69, 4.12 (lm)24

In 4.7 4.9 1.5 (F / G) 1.9 (crystal),68 4.2 (lm)55

Sc 5.0 4.2 3.4 (L / G) 3.8 (powder)21

Y 5.1 4.4 3.7 (L / G) —

Table 5 Optical transitions computed on the basis of the calculated band structures of ABO2 (A ¼ Ag, Cu; B ¼ Al, Ga, In and Sc, Y). Direct
transitions (DSdir) refer to the energy difference between the highest occupied and lowest unoccupied bands at the high symmetry point S.
Indirect transitions (D(S/ G)) refer to the energy difference between the highest occupied band at S and the lowest unoccupied at G. Values are
in eV

B
DFdir DLdir DGdir D(F / G) D(L / G) DFdir DLdir DGdir D(F / G) D(L / G)
Ag Cu

Al 4.4 4.5 4.4 2.7 3.0 4.3 4.1 5.1 3.4 3.5
Ga 4.5 4.6 3.2 1.8 2.3 4.5 4.0 3.5 2.2 2.3
In 4.7 4.9 2.4 1.5 1.9 4.7 4.5 2.5 1.6 1.7
Sc 5.0 4.2 4.7 3.7 3.4 4.8 3.7 5.6 4.1 4.0
Y 5.1 4.4 4.9 3.9 3.7 5.0 4.0 5.4 4.2 4.1

Fig. 5 Band structures of ABO2 (A ¼ Ag, Cu; B ¼ Al, Ga, In).
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Fig. 6 Band structures of ABO2 (A ¼ Ag, Cu; B ¼ Sc, Y).
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optical band gaps observed for CuAlO2 (1.65–2.1 eV) are likely to
be due to impurities. By analogy one could postulate that the
low optical absorption observed for CuInO2 (1.4 eV) is due to
impurities. On the contrary, our calculation shows that it shall
be due to either a dipole-forbidden transition (DcalcGdir¼ 2.5 eV)
partially allowed or an indirect transition (Dcalc(F/ G) ¼ 1.6 eV
and Dcalc(L / G) ¼ 1.7 eV).

Establishing trends in the observed optical band gaps for the
Ag-compounds is more difficult since not all the experimental
values are from a homogeneous set of samples. The optical
band gaps for AgAlO2 and AgScO2 refer to samples in powder
form, and they were measured by using diffuse reectance
spectroscopy which has several limitations when applied to
powder samples.21 Furthermore the measurements on thin
lms give higher values than those obtained from powder or
single crystal samples. Nevertheless an increasing trend can be
identied, namely 3.6 (Al, powder) / 4.1 (Ga, lm) / 4.2 (In,
lm). These values compare well with the computed direct band
gaps at F, that in fact increase along the group (4.4 (Al) / 4.5
(Ga) / 4.7 (In)). The transitions at lower energy observed for
AgGaO2 (2.4, powder) and AgInO2 (1.9, crystal) have been
interpreted by Sheets et al.21 as due to the forbidden direct
transition at G and the indirect band gaps at F being partially
This journal is © The Royal Society of Chemistry 2015
allowed. According to our calculations the computed direct
band gaps at G are 3.2 eV (AgGaO2) and 2.4 eV (AgInO2) while the
indirect band gaps are much lower in energy. Therefore we
believe that the mentioned low energy transitions are due only
to forbidden direct gaps at G. This also explains the reason why
there are not absorptions in the visible range for the AgAlO2 and
AgScO2. The Gvb for the latter two compounds is strongly
stabilized, being solely composed by non-bonding O py/x states.
The forbidden direct gaps at G (4.4 eV (Al) and 4.7 eV (Sc)) are
therefore much higher than the ones observed for AgGaO2 and
AgInO2. The corresponding forbidden transitions are unlikely
to happen and if occur, they will not be in the visible range.

C. Bader charge analysis

Table 6 shows the Bader charges for the ABO2. We recall that the
formal oxidation states for the A, B and O species are +1, +3 and
�2 respectively and that Bader charges close to the formal
charge indicate high degree of ionicity.

The Bader charges on the B ions are the same in the two
families, indicating that the character of the B–O bond is not
strongly inuenced by the nature of the A metal. Interestingly
there is an abrupt change in the charges passing from Al to Ga,
in both the Ag-based and Cu-based families. In particular the
RSC Adv., 2015, 5, 1366–1377 | 1373
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Table 6 Bader partial electron charges (in units of charge) for ABO2

(A ¼ Ag, Cu; B ¼ Al, Ga, In and Sc, Y)

A
A B O A B O
Ag Cu

Al +0.49 +2.46 �1.47 +0.50 +2.44 �1.47
Ga +0.47 +1.72 �1.10 +0.55 +1.72 �1.14
In +0.46 +1.83 �1.14 +0.54 +1.83 �1.19
Sc +0.45 +2.02 �1.23 +0.55 +2.02 �1.28
Y +0.41 +2.16 �1.28 +0.50 +2.16 �1.33

Table 7 Effective masses (in units of free electron mass,mO) for ABO2

(A ¼ Ag, Cu; B ¼ Al, Ga, In and Sc, Y)

VBM
m100 m010 m001 m100 m010 m001

Ag Cu

Al F 0.98 0.98 0.32 1.23 1.23 0.35
Ga F 0.87 0.87 0.28 1.23 1.23 0.33
In F 1.05 1.05 0.31 1.85 1.85 0.40
Sc L 1.19 0.24 1.19 1.64 0.28 1.64
Y L 1.49 0.26 1.49 2.22 0.33 2.22
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charges on O and B decrease signicantly, becoming less
negative and positive respectively. Therefore the Al–O bond has
a higher degree of ionicity than the Ga–O bond. We speculate
that this is due to the radius of the Al ion being so small to
impose a compressive strain into the AAlO2 structures. As noted
by Kandpal some charge is then pushed into antibonding
orbitals of the A–O bond, resulting in a higher charge localiza-
tion on the oxygens and more polarized B–O bonds.

Besides this abrupt change there are clear trends along the
groups. When the B ions radius increases, the charges on B and
on the oxygen increase (in absolute value) thus indicating an
increasing degree of ionicity of the B–O bond along the groups.

By comparing the Ag-based and Cu-based families, it appears
clearly that the charges on the oxygen atoms are more negative
in the Cu-based compounds. Furthermore charges on the Ag
metal are less positive than the charges on the Cu ions for all the
compounds. Therefore for a given B, the Ag–O bond has a
higher degree of covalency than the Cu–O. Along the groups the
Cu charge does not change signicantly while the charges on Ag
decrease, indicating that the Ag–O bond becomesmore covalent
as the B-radius increases.
D. Effective mass

To investigate the electron conduction properties we computed
the hole effective mass at the valence band. The diagonal
elements of the effective mass tensor mc are classically dened
according to

1

mcðkÞ ¼
1

ħ2
v2EðkÞ
vk2

(1)

where E(k) is the energy at the band edge. It is worth noting that
the classical model relies on the assumption that the band
edges are parabolic. Instead, the curvature of the top of the
valence band of the delafossite TCO are very at (see Fig. 5 and
6), making the parabolic approximation rather drastic. For a
more accurate approach one shall account for non-parabolic
bands and several bands contributing to the conductivity, as
was done by G. Hautier et al.53

We have here computed the band edge around each high
symmetry points with a set of ten k-points along each crystal-
lographic direction [100], [010] and [001]. The energy regions
were chosen to be small enough in k-space to guarantee within a
certain approximation the parabolic curvature of the band edge.
The band edge energies were then tted with a ninth order
1374 | RSC Adv., 2015, 5, 1366–1377
polynomial t and the second order derivative computed
numerically.

The effective masses are indicative of the conductive prop-
erties of a material. For a p-type material, low effective mass
corresponds to high mobility of the holes at the valence band
and consequently high conductivity. Table 7 shows the effective
masses at the VBM points (namely at F point for AAlO2, AGaO2

and AInO2 and at L point for AScO2 and AYO2). The effective
masses computed at the point F are isotropic along the [100]
and [010] directions with the lowest value always obtained along
the [001] direction. The effective masses at L are instead
isotropic along the [100] and [001] directions and have the
smallest value along the [010] direction. This is in agreement
with the transport effective masses reported by Scanlon et al. for
the CuBO2 (B ¼ Ga, In, Sc) compounds.29 It is worth noting that
their values are different from Table 7. This may be ascribed to

the different formalism adopted by the authors
�

1
h-2k

dE
dk

�
, the

different level of theory used and the different k-point sampling.
However, the trend remains the same.

The effective masses for the Cu-based compounds follow the
trend: Sc < Ga z Y < Al < In. So the conductivity follows the
opposite trend: Sc > Ga z Y > Al > In. This is in excellent
agreement with the experimental observations. In fact the
conductivity of the doped CuInO2 (ref. 54) is the lowest observed
among the group. The conductivity of CuAl1�xMgxO2 (ref. 23) (4
� 10�4 S cm�1) is slightly above, followed by CuY1�xCaxO2 (ref.
13 and 19) (1 S cm�1) and CuGa1�xFexO2 (ref. 9) (1 S cm�1). The
highest conductivity has been assigned to CuSc1�xMgxO2 (ref. 9)
(30 S cm�1). For the Ag-based compound the effective masses
follow the following trend: Sc < Y < Ga < In < Al. Therefore we
postulate that the conductivity of the Ag-based delafossite TCO
will follow the trend Sc > Y > Ga > In > Al. The experimentally
measured conductivities of the AgGaO2 (ref. 24) and AgInO2 (ref.
55) thin lms are 3.2 � 10�4 S cm�1 and 1 � 10�5 S cm�1,
respectively, in agreement with our hypothesis.
IV. Discussion and conclusion

By using the PBE//HSE06 computational strategy we were able
to investigate ten delafossite compounds, namely ABO2 (A ¼ Cu
and Ag; B ¼ Al, Ga, In and Sc, Y). Our approach has been vali-
dated against pure HSE06 and experimental values and it is the
best compromise between accuracy and computational
feasibility.
This journal is © The Royal Society of Chemistry 2015
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The structures of the Ag-based delafossite materials are
similar to that of the Cu-based compounds, being determined
solely by the B ion. In fact for a given B, the B–O bond length
and the A–A distance are similar in the Ag-based and Cu-based
compounds. Instead the A–O bond length is longer in the Ag-
based material leading to a crystal structure more “expanded”
along the c-axis. As was already observed for the Cu-based, the
A–O bond length decreases along the IIIA and IIIB groups. This
is because the internal constrain due to the size of the B ion is
released as the radius increases, in favor of a more positive
bonding between the A metal and the oxygen. It is worthy to
notice however that the computed Ag–O distances, ranging
between 2.137 �A (B ¼ Al) and 2.086 �A (B ¼ Y) are very close to
that observed in silver-oxides (the Ag–O bond is 2.155 �A and
2.097�A in AgO and Ag2O,56 respectively). Therefore the internal
constrain does not force the Ag–O moiety into an unusual
bonding conguration.

It has been suggested that the character of the A–O bond
plays an important role in determining the p-type conductivity
of the delafossite TCOs. The occurrence of a covalent bonding
between the Cu and O explains in fact the lower degree of
localization and the higher mobility of the holes in CuAlO2.1 We
have investigated the nature of the A–O bond via the Bader
charge analysis, showing that for any given B the Ag–O bond is
more covalent than the Cu–O bond. Furthermore the degree of
covalency tends to increase as the B ion radius increases.
Therefore one should in principle expect that holes created at
the oxygen site would have higher mobility in the Ag-based
delafossite. This is contrary to what has been experimentally
observed. The degree of covalency as dened via the Bader
charge localization techniques is therefore not a good observ-
able to explain the different mobility of the hole created in Cu-
based and Ag-based delafossite.

The major difference between the two families is the band
structure composition as it appears from the PDOS analysis.
The Ag 4d band in the Ag-based compounds spreads over a
wider range of energies and lies lower as compared to the 3d
band in the Cu-based compounds. This explains the lower
mobility in the Ag-based compounds: holes created in the
shallow levels (around �2 eV below the Fermi level) will have
strong O p character and will be therefore strongly localized at
the oxygen sites. As the B ion radius increases (B belongs to IIIA)
the 4d bands are narrowed but remain always below some
strongly localized O p bands. When B belongs to IIIB group, a
strong Ag d/O p admixture covering the entire valence band
should correspond to a higher mobility of holes.

We have computed the effective mass to rank the mobility of
the holes in the different Cu-based and Ag-based delafossite
materials. According to our calculations the conductivity of the
Cu-based delafossite should follow the trend Sc > Ga z Y > Al >
In, in perfect agreement with the experimental measurements.
By extension we expect the conductivity of the Ag-based dela-
fossite to follow the trend Sc > Y > Ga > In > Al. This is not
surprising since in AgScO2 the shallow levels below the Fermi
level (between 0 eV and �1.8 eV) present a high degree of
covalent mixing of O p and Ag d states, while in AgAlO2 they are
due primarily to non-bonding O p states.
This journal is © The Royal Society of Chemistry 2015
In conclusion, despite the fact that the Ag-based delafossite
are wide band-gap materials (even wider than the correspond-
ing Cu-based) they are not promising for the engineering of
transparent electronics. Their conductivity is very low, due to
the low mobility of the carriers. The low mobility is caused by
the unfavorable energy match between O p and Ag 4d levels.
Among the Ag-based family only AgScO2 and AgYO2 display a
valence band conguration more suitable for p-type conduc-
tivity. Furthermore the large B ion radius makes the intercala-
tion of oxygen more likely to occur in these compounds,
increasing the amount of carriers and eventually the
conductivity.

Several studies have proved that oxygen excess and metal
decit within the crystallite sites enhance the p-type conduc-
tivity in delafossite materials. Furthermore oxygen intercalation
in the interstitial sites may leave empty states in the valence
band, which act as holes. Therefore the defect chemistry is of
primary importance as it allows the improvement of the
conductivity by controlling the preparation conditions of the
material. Delafossite materials with MIII-ions having f-orbitals
have clearly larger radius than Y and should therefore display
potentially higher p-type conductivity upon oxygen intercala-
tion. In this framework one promising family of materials could
be ANdO2, with A¼ Ag and Cu. In fact the reported optical band
gap for CuNdO2 is 3.1 eV and the conductivity at room
temperature is 2.7 � 10�2 S cm�1, i.e. higher than that of the
native CuAlO2 (1.7� 10�3 S cm�1).57 The intercalation of oxygen
is likely to be facilitated by the large radius of the Nd ions, while
the electronic feature of the Cu–B bonding should not be
changed signicantly due to the low contribution of the f-
orbitals in the bonding interaction. In light of our present
results we do not expect the bonding nature of the Ag–Nd
bonding to be more favourable than Cu–Nd bonding with
regard to hole conductivity, thus allowing us to restrict the eld
of interest to the CuNdO2 species, investigated in a forthcoming
paper.
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