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Comparative study of bandwidths in copper delafossites from x-ray emission spectroscopy
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The widths of the valence bands in the copper (I) delafossites CuGaO,, CulnO,, and CuScO, have been
measured by O K-shell x-ray emission spectroscopy and are compared with previous experimental work on
CuAlO, and CuCrO,. In agreement with recent density-functional theory calculations it is found that the
bandwidth decreases in the series CuAlO, > CuGaO, > CulnO, > CuScO,. It is shown that states at the top of
the valence band are of dominant Cu 3d,2 atomic character but with significant mixing with O 2p states.
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Widespread interest in the electronic properties of ternary
delafossite oxides of Cu! with the general formula Cu'T™O,
(where T is a trivalent metal ion) has been prompted by the
fact that these materials combine the properties of optical
transparency in the visible region with a reasonable p-type
conductivity. This leads to potential applications in “trans-
parent oxide electronics” where the p-type delafossite is
combined with an n-type transparent conducting oxide
(TCO) to give a transparent p-n junction."? The first p-type
TCO to attract attention was CuAlO,,>* followed later by
CuGaO, (Ref. 5) and CulnO,.%” The last of these com-
pounds is of particular interest as it is amenable to bipolar
doping. More recently CuScO, (Ref. 8) and CuCrO, (Refs.
9-12) have emerged as alternative p-type TCOs: the highest
conductivity in any p-type TCO is found in Mg-doped
CuCr0,.° Somewhat surprisingly the optically measured
band gaps in the group 13 delafossites follow the sequence
CuAlO,(3.5 eV) <CuGa0,(3.6 eV)<Culn0,(3.9 eV):!3
this order is opposite to that seen in binary oxides and ni-
trides of this group. By contrast a “conventional” evolution
of measured optical gaps is found in the group 3 series
CuScO,(3.7 eV)>CuY0,(3.5 eV)>CuLa0,(2.4 eV).13
The puzzling trend in group 13 has been explained in terms
of a large difference between the lowest-energy gap and the
onset of strong optical absorption. This arises in part because
the lowest-energy band gaps are indirect but in addition the
values for direct transition dipole matrix elements from
states at the top of the valence band into the conduction band
are either zero or very low over a wide range of energies,
which is bigger for CulnO, than for CuAlO,.'* A similar
delayed optical onset has recently been established in the
n-type TCO In,O; on the basis of a comparison between
density-functional theory (DFT) calculations and x-ray pho-
toemission and O K-edge x-ray emission measurements.'
More recent theoretical calculations show that the difference
between direct and indirect gaps is bigger in group 13 than in
group 3, thus explaining the differing trends in the two
groups.?

Within the delafossite structure each Cu atom is linearly
coordinated by two oxygen atoms, forming O-Cu-O dumb-
bells parallel to the ¢ axis. The oxygen atoms that terminate

1098-0121/2009/80(23)/233105(4)

233105-1

PACS number(s): 73.20.At, 73.43.Cd, 78.70.En

the dumbbells are also each coordinated to three T atoms,
oriented such that T-centered octahedra form AlO, layers
which lie parallel to the ab plane. Two alternative layer
stacking sequences ABABAB and ABCABC are possible to
give hexagonal (space group P6s/mmc) (Ref. 16) or rhom-
bohedral (space group R3m) (Ref. 17) polymorphs, respec-
tively. Within the linear O-Cu-O units the Cu 3d 2 orbitals
have o-like symmetry, the Cu 3d,, and 3d,, orbitals 7r-like
symmetry and the Cu 3d,, and Cu 3dx2_y>2 orbitals o-like
symmetry. No mixing with O 2p states is possible for the
Cu 3d orbitals of & symmetry.'® Linear coordination about
copper is also found in the binary oxide Cu,O. However the
band gap in the parent material has a much smaller value of
2.17 eV than in delafossites.!® The difference is attributed to
the fact that Cu has 12 Cu next nearest neighbors in Cu,0,
whereas there are only six coplanar next-nearest neighbors in
the delafossite structure. This leads to a reduction in the
Cu 3d bandwidth and a wider band gap.

Very recent calculations predict that the widths of the oc-
cupied valence bands in Cu delafossites should follow the
order CuAlO,>CuGa0, > CulnO,>CuSc0,.2° Valence
bandwidths in CuAlO, (Ref. 21) and CuCrO, (Refs. 22 and
23) have been measured by x-ray photoemission spectros-
copy (XPS) and x-ray emission spectroscopy (XES) but to
date there has been no comparable experimental work on
CuGaO, and CulnO,. In the present Brief Report we present
O K-edge x-ray emission spectra of CuGaO, and CulnO,.
Taken in conjunction with the previous work on CuAlO, our
results establish that the experimental bandwidths in the
group 13 delafossites do indeed fall in the order predicted by
theory. The work is extended to include measurements on
CuScO, which transpires to have a narrower valence band
than any of the main group compounds. We also present
valence-band XPS data for CulnO,. Comparison between
XPS and XES allow us to establish that as for CuAlO, and
CuCrO,, the upper part of the valence band is composed of
states of dominant Cu 3d atomic character whereas states in
the bottom half of the valence band have dominant O 2p
character.

CuGaO, was prepared by firing a finely ground mixture of

©2009 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.80.233105

BRIEF REPORTS

OK XES CuGaO0, CuGa0, 0 2p PDOS
hv = 541.2 eV
CulnO2 CulnO,
hv = 542.5 eV

T L L AL B -1 T T T T T T 17
CuScO, CuScO,
hv = 541.1 eV

—————— 17— ——

520 525 530 10 5 0

photon energy (eV) binding energy relative to VBM (eV)

FIG. 1. Left-hand panels: O K-shell x-ray emission spectra of
3R-CuGa0,, 3R-CulnO, and 2H-CuScO,. Right-hand panels: O 2p
partial densities of states for the same three materials adapted from
Ref. 20.

Ga,05 (Aldrich 99.99%) and Cu,O (Aldrich 99.99%) under
flowing argon at 1100 °C for 24 h. The sample was then
pressed into pellets between tungsten carbide dies and refired
as above for a further 24 h. The x-ray diffraction pattern of
the product was characteristic of the 3R phase. CuScO, was
prepared by firing a pelletized mixture of CuO and Sc,05 in
air at 1100 °C for 24 h, followed repelletization and refiring
at 1100 °C for a further 24 h. The samples were quenched
from 1100 °C by dropping into liquid nitrogen to prevent
oxidation. Phase pure 2H material was obtained by using a
1% excess of CuO, as described by Kykyneshi et al’*
CulnO, was prepared by pulsed laser deposition from a
Cu,In,O5 target under an oxygen ambient with p02=5
X 1073 mbar, as described in detail elsewhere.”> Samples for
the photoemission study were prepared using a low level
(2%) of Eu doping, which helped eliminate problems due to
sample charging. High-resolution Al Ka x-ray photoemis-
sion spectra excited at hy=1486.6 eV were measured in a
Scienta ESCA 300 spectrometer. The effective instrument
resolution was 400 meV. Samples were cleaned in situ by
annealing at 400 °C which reduced the C 1s to O 1s inten-
sity ratio to below 1/100. Binding energies are referenced to
the Fermi energy of a silver sample regularly used to cali-
brate the spectrometer.

X-ray emission spectra were measured on beamline 7.0.1
at the Advanced Light Source (ALS), Lawrence Berkeley
National Laboratory. This beamline is equipped with a
spherical grating monochromator. Emission spectra were re-
corded using a Nordgren-type grazing-incidence spherical
grating spectrometer. The beamline was set to have an en-
ergy resolution of 500 meV at the O K edge and the emission
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FIG. 2. (a) Comparison between measured bandwidths and
Cu-O bond lengths calculated by generalized gradient approxima-
tion density-functional theory. Experimental data for CuGaO,,
CulnO,, and CuScO, from present work, calculated values from
Ref. 20. Experimental and calculated values for CuAlO, and
CuCrO, from Refs. 21-23. Calculated value for CuBO, from Ref.
26. (b) Plot illustrating the inverse correlation between Cu-O and
T-O bond lengths.

spectrometer was set to have a resolution of 350 meV. The
O K emission spectra were calibrated relative to Zn L,
emission lines of Zn metal in second order.

O K-shell x-ray emission spectra of CuGaO,, CulnO,,
and CuScO, are shown in the left-hand panels of Fig. 1: the
right-hand panels show the corresponding O 2p partial den-
sities of states (DOSs) derived from density-functional
theory calculations. Decay of the O 1s core hole is governed
by a strict dipole selection rule which only allows transitions
from states with O 2p character. Thus the spectra provide a
faithful measure of the O 2p partial density of states. In each
case the spectra are dominated by a strong central peak la-
beled II in the figure with weaker features I and III to high
and low photon energy, respectively. It can be clearly seen
that there is a progressive decrease in the width of the va-
lence band in the experimental spectra following the se-
quence CuGaO,>CulnO,>CuScO,. The available experi-
mental data for the delafossites are summarized in Fig. 2(a)
where the experimental bandwidths are compared with re-
sults from density-functional theory calculations. The figure
also include the calculated bandwidth for CuBO,.?¢ There is
very good qualitative agreement between theory and experi-
ment although the measured bandwidths are systematically
bigger than in the calculations. Discrepancies of this type are
a well-known problem when comparing the results of DFT
with experimental data. Somewhat surprisingly there is a di-
rect (rather than inverse) correlation between the overall
width of the valence band and the calculated Cu-O bond
length. However as shown in Fig. 2(b) there is an inverse
correlation between the Cu-O and T-O bond lengths and the
bandwidth therefore increases as the T-O bonds become
shorter.
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FIG. 3. (Color online) (a) Valence-band XPS of 2% Eu-doped
CulnO,. (b) Solid line: cross-section weighted density of states de-
rived from band-structure calculations of reference. Dotted line:
Cu 3d contribution to the cross-section weighted density of states.

The pattern of intensities found in the x-ray emission
spectra changes completely in x-ray photoemission spectra
as seen in Fig. 3, where data for CulnO, are presented: the
other delafossites showed very similar changes and the data
are not presented here. The maximum intensity is now found
at the top of the valence band with the peak about 2.7 eV
below the band edge. This does not correspond to the maxi-
mum of peak I in the x-ray emission spectrum where the
peak is found about 1.9 eV below the Fermi energy. We
therefore label the peak maximum in XPS as I": the structure
corresponding to the XES peak appears as a low binding
energy shoulder to this peak. The intensity changes arise be-
cause XPS is determined by the cross-section weighted den-
sity of states that is a sum of atomically projected partial
densities of states with each contribution weighted by a one
electron ionization cross section. The total density of states is
derived mainly by contributions from O 2p and Cu 3d states
but the cross section for ionization of Cu 3d states with
Al Ka radiation is a factor of 20 bigger than the O 2p cross
section.”’ Thus the overall photoemission is dominated by
the Cu 3d contribution, as shown in the lower panel to Fig. 3.
The changes between XES and XPS thus demonstrate that
the states in the upper part of the valence band which give
rise to peaks I and I’ are of dominant Cu 3d character,
whereas the states in the bottom half of the valence band
associated with II and III are of dominant O 2p character.
The nonvanishing intensity of I in O K-edge x-ray emission
spectroscopy is a direct consequence of hybridization be-
tween Cu 3d and O 2p states arising from o and 7 overlap
within the O-Cu-O dumbbells. Conversely most of the inten-
sity of peaks II and III in XPS arises not from the O 2p states
themselves but from the hybridization of Cu 3d states with
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FIG. 4. (Color online) (a) The Cu PDOS in CulnO, decomposed
into components with &, 7, and o symmetry with respect the linear
axis of the O-Cu-O dumbbells compared with Al Ko XPS. The
energy scale for the calculated DOS is multiplied by a factor of 1.2
to match the position of the peak in the § component with that
observed experimentally. Theoretical data adapted from Ref. 20. (b)
Comparison between decomposed O PDOS and O K-edge XES
along the same lines as in (a).

O 2p states in the bottom half of the valence band. The en-
ergy shift between peaks I and I’ arises from the fact that the
latter is associated with nonbonding Cu 3d states of & sym-
metry within the linear O-Cu-O units. Unlike the o and 7
states, the & states cannot hybridize with O 2p states'®?® and
so do not appear in XES. These ideas are illustrated in Fig. 4
where the Cu and O partial densities of states in the top half
of the valence band are decomposed into components with
local 8, 7, and o symmetry.”’ The peak maximum in XPS
coincides with Cu ¢ states and 7 and o states appear as low
binding-energy shoulders. By contrast there is near zero O &
amplitude across the whole of the valence band.

In summary we have used new XES measurements to
compare bandwidths in the delafossite oxides CuGaO,,
CulnO,, and CuScO, with that in CuAlO,. The overall se-
quence we have found is CuAlO,>CuGaO,>CulnO,
>CuScO,, in agreement with recent calculations.?’ The di-
rect correlation between bandwidth and Cu-O bond length is
found despite the fact that 7 interactions are stronger the
shorter the bond and the separation between O 2p,,, states
and Cu 3d,,,, states is greatest in CuScO,. However in the
main group delafossites the position of the bottom of the
valence band is determined by hybridization with valence s
states of the group 13 element and the extent of this hybrid-
ization decreases on descending the group. This reduces the
competition with hybridization between Cu 3d and O 2p o
states, allowing the Cu-O bond to contract but at the same
time leading to a reduction in the overall width of the va-
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lence band. There is very little contribution from Sc 4s states
in CuScO, and the valence band is narrow. The increase in
Cu-O bond length in moving across the transition series to
CuCrO, arises from pronounced hybridization between
Cr 3d and O 2p states across the entire valence band in this
compound.
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