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Optoelectronic properties and electronic structure of YCuOSe
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YCuOSe was prepared by solid-state reaction, and its wide gap semiconducting properties were
examined. The single phase of YCuOSe was obtained in a limited temperature range around 750 °C
and decomposed into Y,0,Se and Cu,Se at higher temperatures. The obtained YCuOSe sample
showed a p-type semiconducting behavior with the electrical conductivity of 1.4 X 107! S cm™! at
room temperature. The band gap of YCuOSe was estimated to be 2.58 eV, which is much smaller
than that of LaCuOSe (2.82 eV). The electronic structure of YCuOSe was investigated by ultraviolet
photoemission spectroscopy and energy band calculations to understand the differences in the
electronic structures between LnCuOSe (Ln=La,Y). It was found that the Cu—Cu distance rather
than the Cu—Se distance influences the electronic structures, and the smaller band gap of YCuOSe
is attributed to the downshift of the Cu 4s energy level due to the smaller Cu—Cu distance and the
consequent larger Cu—Cu interaction in YCuOSe. © 2007 American Institute of Physics.

[DOLI: 10.1063/1.2821763]

INTRODUCTION

LaCuOS, a layered compound with a large band gap of
3.1 eV, is composed of (La,0,)** and (Cu,S,)>" layers' and
exhibits transparent p-type semiconducting properties and
excitonic emission at room temperature.” Because of its
unique optical and electrical properties, a number of studies
have been reported from scientific and technological
viewpoints.3_10 Another important feature of this material is
that there are many analogous compounds that have the same
crystal structures as LaCuOS; each element can be substi-
tuted by another element with the same valence;”_15 in ad-
dition, even each layer such as a (La,0,)** or (Cu,S,)*"
layer can be replaced by another layer such as a (Ba,F,)>* or
(Zn,yP,)*" layer with the same nominal charge.'®™" These
many analogous compounds bring about a wide variety of
optical and electrical properties such as large third-order op-
tical nonlinearity of LaCuOSe (Ref. 5) and superconductivity
of LaFeOP.*

In the optoelectronic device application of LaCuOS or
its analogs, we recently demonstrated room-temperature op-
eration of a light-emitting diode and observed blue light
emission from p-type LaCuOSe.”! However, materials with
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the band gaps much wider than LaCuOCh (Ch=S,Se) are
required to operate the devices in the ultraviolet region.
Since our previous studies revealed that the (Cu,Ch,)>~
(Ch=S, Se and Te) layer is essential for p-type semiconduct-
ing plropelrties,z’3 it would be reasonable to alter the
(La,0,)** layer to control the band gap in the layered com-
pounds. We anticipated that replacing the (La,0,)** layer
with a (Ba,F,)** or (Y,0,)** layer would be effective to
widen the band gaps because both BaF, (E,=10.5 eV) and
Y,0; (6.1 V) have wider band gaps than La,O5 (5.5 eV).
Although it is reported that the band gap of BaCuFS is re-
ported to be 3.25 eV,22 that of YCuOS is unknown because
the phase of YCuOS has not been prepared yet by a conven-
tional solid-state reaction, in contrast to YCuOSe."

In the series of LnCuOS (Ln=La, Pr and Nd), the band
gap decreases as the atomic number of the lanthanide ions
increases.” Similar band gap narrowing occurs in the series
of LaCuOCh (Ch=S, Se, and Te). The changes of the band
gap in LaCuOCh can be basically understood from the en-
ergy levels of the Ch ions because the Ch p orbitals form the
top of the valence band (VB) with Cu 3d orbitals and influ-
ence the band gap directly.24 On the other hand, the atomic
orbitals of each lanthanide ion do not affect the band gap
straightforward, and accordingly the origin of the band gap
variation in LnCuOS is not the same with that in LaCuOCh.
In this study, basic optical properties of YCuOSe were ex-
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amined as well as its electrical transport properties, and these
properties were compared with those of LnCuOCh (Ln=La,
Pr, and Nd; Ch=S,Se). In addition, ultraviolet photoemis-
sion spectroscopy (UPS) measurements and energy band cal-
culations were carried out to understand the variation of band
gaps in these oxychalcogenide materials.

EXPERIMENTS

Cu,Se, Y,Se;, and Y,05; were used as starting materials
for YCuOSe. Cu,Se and Y,Se; were prepared in advance
using Cu metal or Y metal and Se by heating them at 300 °C
for 12 h in evacuated silica glass tubes. The starting materi-
als of Cu,Se, Y,Se;, and Y,0; were mixed and disked by a
cold isostatic press. The disks of YCuOSe samples were ob-
tained by heating the pressed disks at 700, 750, or 900 °C
for 12 h in evacuated silica glass tubes. After grinding the
disks, the purity of the powdered samples was examined by
power x-ray diffraction (XRD) measurements. The crystal
structure of YCuOSe was analyzed by the Rietveld method
using the RIETAN-2000 code.”

Electrical conductivities, Seebeck coefficients, diffuse
reflectance, and photoluminescence (PL) spectra were mea-
sured using the disk or powder samples to examine their
basic optical and electrical properties. Electrical conductivi-
ties were measured in the temperature range from RT to
10 K. The carrier polarity was examined from the sign of the
Seebeck coefficients. Band gaps were estimated approxi-
mately from the absorption edges observed in the diffuse
reflection spectra. The band edge emission was examined in
the PL measurements using the 4w of a Nd:YAG (yttrium
aluminum garnet) laser as an excitation source.

UPS measurements were carried out along with the first-
principles full-potential linearized augmented plane-wave
(FLAPW) energy band calculations to understand the elec-
tronic structure of YCuOSe. The lines of He1 (21.2 eV) or
He 11 (40.8 V) from a discharged lamp were used as excita-
tion sources in the UPS measurements. The FLAPW band
calculations by the ABCAP code were conducted using the
crystal structural parameters obtained by the Rietveld analy-
sis. The details of the UPS measurements and band calcula-
tions are reported elsewhere.”*

RESULTS
Sample preparation and XRD analysis

The XRD patterns of the samples heated at 700, 750, or
900 °C are shown in Fig. 1. The starting materials of Cu,Se
and Y,0O5; were remained in the sample heated at 700 °C,
indicating that 700 °C is not high enough to complete the
reaction to obtain a single-phase YCuOSe. On the other
hand, the XRD pattern for the sample heated at 900 °C
shows that the sample is almost decomposed into Y,0,Se
and Cu,Se. After all, the single-phase YCuOSe was obtained
by heating samples at 750 °C for 12 h. This narrow forma-
tion temperature range for the single-phase YCuOSe is a
contrast to those for LaCuOSe and LaCuOS, which are
stable even at 1000 °C. This result suggests that YCuOSe is
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FIG. 1. (Color online) Powder XRD patterns for the samples heated at 700,
750, and 900 °C. For the 750 °C-heated sample, the observed pattern (+)
and calculated pattern (solid line) are shown. The vertical bars and the line
beneath the patterns exhibit the position of Bragg reflections and the differ-
ence of the patterns, respectively.

not as thermally stable as LaCuOS and LaCuOSe and would
be related to the fact that its oxysulfide, YCuOS, has not
been synthesized yet.

The crystal structural parameters of YCuOSe were re-
fined by the Rietveld analysis. The obtained results are listed
in Tables I(a) and I(b). To understand the structural differ-
ences among LnCuOCh (Ln=La,Y; Ch=S,Se), several in-
teratomic distances are listed in Table II and shown in Fig. 2
along with the sum of the ion radii.”® The Ln—O and Ln—-Ch
distances largely deviate from the sums of the ion radii. The
shorter Ln—O distances and longer Ln—Ch distances of the
measured values lead to the layered structures of LnCuOCh
composed of (Ln,0,)** oxide and (Cu,Ch,)** chalcogenide
layers. Both the Ln—-O and Ln—Ch distances, as well as the
lattice parameters, in YCuOSe are the smallest among LnC-
uOCh (Ln=La,Y; Ch=S,Se) because the radius of a Y ion
(r;=1.02 A for sixfold coordination) is smaller than that of a
La ion (r;=1.16 A). However, in spite of the smaller lattice
parameters in YCuOSe than in LaCuOSe, the Cu-Se dis-
tances in YCuOSe are almost the same as that in LaCuOSe,
varying the angles of 2 Se—Cu-Se. In contrast to the Cu—Ch
distances, the Cu—Cu distances, which are solely determined
by the a-axis length, obviously become smaller in YCuOSe
than in LaCuOSe.

Electrical and optical properties

The temperature dependence of electrical conductivities
for YCuOSe is shown in Fig. 3 along with those for LaCu-
OSe and LaCuOS. YCuOSe shows semiconducting behavior
near room temperature and degenerate semiconducting be-
havior at low temperatures. The electrical conductivity of
YCuOSe, which is higher than those of LaCuOSe or
LaCuOS, is probably due to the higher density of hole car-
riers generated from defects such as Cu vacancies. The elec-
trical conductivities and Seebeck coefficients at room tem-
perature are summarized in the inset of Figure 3. The
Seebeck coefficients are all positive, indicating that all the
samples are p-type conductors.

The diffuse reflectance spectra and PL spectra of YCu-
OSe, LaCuOSe, and LaCuOS are shown in Fig. 4. The dif-
fuse reflectances drop at 395 nm for LaCuOS, at 440 nm for
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TABLE I. (a) Summary of refinement data and lattice parameters of YCuOSe. (b) Site occupancy, atomic

positions, and isotropic thermal parameters.

(a)

Formula YCuOSe
Space group P4/nmm
a (A) 3.8789(1)
c (A) 8.7311(5)
Ve (A%) 131.37(1)
VA 2
R, 5.50
Ryp 7.37
R, 6.14
S 1.20
(b) WN g x y b4 B (A?)
Y 2¢ 1.0 1/4 1/4 0.1269(8) 0.2(3)
Cu 2b 1.0 1/4 3/4 1/2 1.5(5)
S 2c 1.0 1/4 1/4 0.6837(8) 0.2(3)
(¢} 2a 1.0 1/4 3/4 0 0.0(1)

LaCuOSe, and at 480 nm for YCuOSe because of their fun-
damental absorption. Therefore, the substitution of Y for La
causes a redshift of the absorption edge and the band gap of
YCuOSe was estimated to be 2.58 eV. The band gaps of
LnCuOCh and Ln,0; (Ref. 27) are summarized in Table II.
In the PL spectra, a sharp band edge emission was observed
in YCuOSe at room temperature, as observed in LaCuOSe
and LaCuOS. The observation of the band edge emission
demonstrates that the band gap of YCuOSe is a direct-
allowed-transition type similar to LaCuOCh and the PL is
assigned to room-temperature stable excitons.

UPS spectra and electronic structures

The UPS spectra of YCuOSe, LaCuOSe, and LaCuOS
are shown in Fig. 5. YCuOSe clearly shows a Cu—Se hybrid-
ized band at the top part of the VB as observed in LaCuOSe
and LaCuOS. The vertical bars at ~2 eV indicate the bot-
toms of the Cu—Se hybridized bands and those at ~7-8 eV
the bottoms of the VB. Because these materials are all p-type
conductors, the Fermi energies, which are at the zero binding
energy, are located at the top of the VB. Therefore, the band-
widths of the Cu-Se hybridized band or VB in each com-
pound are approximately evaluated from the energy differ-
ences between the Fermi energy and the energy positions of
the vertical bars. It is found from the UPS spectra that the
bandwidths of the Cu—Se hybridized band are almost the

same among YCuOSe, LaCuOSe, and LaCuQOS, but the VB
width of YCuOSe is larger than those of LaCuOSe and
LaCuOS.

Figure 6 shows the energy band structures of YCuOSe,
LaCuOSe, and LaCuOS. The energy of the VB maximum is
aligned to zero in the energy scale. The band structures re-
veal that the band gap of YCuOSe is a direct-transition type
and its value is the smallest among these compounds. Al-
though the band calculation based on local density approxi-
mation usually underestimates the values of band gap, these
results are consistent with the relative values of the band
gaps in LnCuOCh (Ln=La, Y and Ch=S, Se) and the obser-
vation of the band edge emission. The Cu 3d-Se 4p hybrid-
ized band in each compound is mainly composed of four
bands in the energy range from 0.0 to —1.5 eV, and the
bandwidth of the hybridized band is almost the same among
YCuOSe, LaCuOSe, and LaCuOS. On the other hand, the
energy of the bottom of the VB in YCuOSe is different from
those in LaCuOSe and LaCuOS, resulting in the largest VB
width in YCuOSe. These bandwidths of the Cu 3d-Se 4p
hybridized band and VB obtained by the band calculations
are in good agreement with the VB structure observed in the
UPS spectra.

DISCUSSION

Band gap of YCuOSe compared with LnCuOCh (Ln
=La, Pr, Nd and Ch=S, Se)

TABLE II. Lattice parameters, interatomic distances, and energy gaps of LnCuOCh (Ln=La,Pr,Nd,Y; Ch=S§,Se).

Lattice parameters (A) Atomic distances (A) E, (eV)

Substance

LnCuOCh a c Ln-O Cu—Ch Cu—Cu LnCuOCh Ln,O;
LaCuOS 3.996 8.517 2.362 2.428 2.826 3.14 5.5
PrCuOS 3.941 8.438 2.33 242 2.787 3.03 4.6
NdCuOS 3.92 8.428 2.325 2.406 2.772 2.98 4.4
LaCuOSe 4.067 8.798 2.377 2.523 2.876 2.82 5.5
YCuOSe 3.879 8.731 2.234 2.517 2.743 2.58 6.1
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FIG. 2. (Color online) Measured interatomic distances (closed symbols) in
LnCuOCh (Ln=La,Y; Ch=S,Se) along with the sum of ion radii of ion
pairs (open symbols); Ln-O (squares), Ln—Ch (circles), Cu—Ch (triangles),
and Cu—Cu (diamonds).

The band gaps of the simple oxides, Ln,0O3, vary in a
wide range as large as 1 eV when the lanthanide ion is
changed from La to Nd as summarized in Table II. The band
gaps of LnCuOS (Ln=La,Pr,Nd) also decrease slightly as
La is substituted with Pr or Nd. In the comparison between
La and Y, the band gap of Y,05 is larger than that of La,05
by 0.5 eV; however, the band gap of YCuOSe is much
smaller than that of LaCuOSe. Therefore, the variation of the
band gaps in Ln,05 seems to have no correlation with those
in LnCuOCh. Namely, it is considered that the species of Ln
ions (Ln=La,Pr,Nd,Y) do not influence the band gaps of
LnCuOCh directly.

The lattice parameters, both a and ¢, decrease due to the
lanthanide contraction when the lanthanide ion varies from
La to Nd in LnCuOS (Ln=La,Pr,Nd). In LnCuOSe (Ln
=La,Y), the lattice parameters also decrease when La ions
are substituted by Y ions. In both LnCuOS and LnCuOSe,
their band gaps decrease as their lattice parameters de-
creases, indicating that the variation of the band gaps in Ln-
CuOCh depends on the size of Ln ions rather than the energy
levels of the Ln-related atomic orbitals.
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FIG. 3. (Color online) Temperature dependence of the conductivities in
LnCuOCh (Ln=La,Y; Ch=S,Se). The conductivities () and Seebeck co-
efficients (a) at room temperature are summarized in the inset.
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FIG. 4. (Color online) Diffuse reflectance spectra (dashed line) and PL
spectra (solid line) of LaCuOCh (Ln=La,Y; Ch=S,Se).

The previous study on the electronic structure of LaCu-
OSe revealed that the top of the VB and the bottom of the
conduction band are composed of the Cu 3d-Se 4p hybrid-
ized band and Cu 4s-Se 4p antibonding band, respectively,
as illustrated in Fig. 7. In addition, the La 5d4-O 2p antibond-
ing band and O 2p nonbonding band are located above the
Cu 4s-Se 4p antibonding band and below the Cu 3d-Se 4p
hybridized band, respectively. Therefore, from the viewpoint
of an electronic structure, the band gap of YCuOSe is also
determined by the energy levels of the Cu 3d-Se 4p hybrid-
ized band and Cu 4s-Se 4p antibonding band, even though
the Y 4d-O 2p antibonding band is located at higher energy
than the La 5d-O 2p antibonding band as observed in Ln,05
(Ln=La,Y).

The smaller band gap of YCuOSe than LaCuOSe is de-
rived from its small lattice parameters due to the small ion
radii of a Y ion and the band gaps of these materials are
determined by the energy difference between the Cu 3d-Se

Intensity (a.u.)

| :
8 6 4 2 0
Binding Energy (eV)

FIG. 5. (Color online) UPS (Hel) spectra of LaCuOCh (Ln=La,Y; Ch
=S,Se) aligned at the Fermi energy (E,=0). The bottoms of the Cu-Se
hybridized bands and the VBs are indicated by the vertical bars.
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FIG. 6. (Color online) Energy band structures of LaCuOCh (Ln=La,Y;
Ch=S,Se) around the I" point. The tops of the valence band are aligned at
the energy of 0 eV. Dashed lines indicate the energy levels of the bottom of
the conduction band, the top and bottom of the Cu—Se hybridized band, and
the bottom of the VB for YCuOSe.

4p hybridized band and Cu 4s-Se 4p antibonding band.
However, as shown in Fig. 2, the Cu—Se distances are almost
the same between YCuOSe and LaCuOSe. This fact suggests
that the extent of the hybridization between Cu 3d-Se 4p
orbitals is almost the same between YCuOSe and LaCuOSe
without broadening the Cu 3d-Se 4p hybridized band. The
UPS spectra and energy band calculations also support this
idea. Since the decreases of the Ln—O and Ln—Ch distances
do not influence the band gap directly, the smaller band gap
and broader VB width are presumably attributed to the de-
crease of the Cu—Cu distances in YCuOSe. Furthermore, it is
reasonable to consider that the short Cu—Cu distances in-
crease the interaction between Cu 4s orbitals leading to the
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FIG. 7. Schematic band structures of LaCuOCh (Ln=La,Y; Ch=S,Se)
aligned at the O 2p nonbonding bands. The symbols b, n, and a denote
bonding, nonbonding, and antibonding states, respectively.
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energy shift and broadening of the two Cu 4s related bands,
the Cu 4s-Se 4p bonding and antibonding bands, as seen in
Fig. 6 and schematically shown in Fig. 7. As a result, it is
concluded that the low energy position and the broader
widths of the Cu 4s-Se 4p bonding and antibonding bands
are responsible for the smaller band gap and the broader VB
width in YCuOSe.

CONCLUSION

Single-phase YCuOSe samples were prepared by a solid-
state reaction at 750 °C for 12 h in evacuated silica glass
tubes. They showed p-type semiconduction, and the band
gap of YCuOSe was estimated to be 2.58 eV, which is much
smaller than that of LaCuOSe. The photoluminescence mea-
surements, UPS measurements, and energy band calculations
revealed that YCuOSe has a direct-type band gap and its
electronic structure is basically the same with those of LaC-
uOCh (Ch=S and Se). In addition, the smaller band gap and
larger VB width of YCuOSe were analyzed and attributed to
the lowering of the energy and the broadening of the widths
of the Cu 4s bonding and antibonding bands due to the short
Cu—Cu distances and the larger Cu—Cu interactions in YCu-
OSe.
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