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Electronic structure of the transparent p-type semiconductor„LaO…CuS
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~LaO!CuS with a layered structure is a transparentp-type semiconductor~band gap53.1 eV!, which gives an
excitonic absorption/emission near the band edge even at room temperature. We examined the electronic
structure of this material by photoemission and inverse photoemission spectroscopy and considered the nature
of the electronic structure by comparing the photoemission spectra with the band structure calculated by the
full-potential linearized augmented plane-wave method within the local-density approximation. It was proved
that the top of the valence band is primarily composed of well-hybridized states of Cu 3d and S 3p states,
while the bottom of the conduction band consists mainly of Cu 4s states. The band gap of~LaO!CuS was
found to be a direct-allowed transition type through the analysis of the symmetry of these states. It was also
found that the dispersion of the valence band is relatively large due to the considerable hybridization of Cu 3d
and S 3p states. This dispersed valence band is responsible for the emergence ofp-type electrical conduction
in this material. On the other hand, the dispersion of the conduction band is rather small, probably because of
the layered structure, in comparison with typicaln-type conducting materials. This small dispersion of the
conduction band leads to the wide band gap and high stability of excitons in~LaO!CuS.
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I. INTRODUCTION

The recent development of optoelectronic devices suc
short-wavelength light-emitting and laser diodes shows
wide and direct-band-gap materials are of importan
technologically.1–6 Fabrication of transparentp-n junctions
is essential for the development of semiconductor dev
based on these materials. However, most transparent con
tive materials aren-type conductors, and moreover, the co
version of these materials top-type conductors is generall
difficult because of the strong monopolarity. Therefo
much effort has been made for a long time to find transpa
p-type conducting materials.7–10

Recently, we examined electrical transport and opti
properties of ~LaO!CuS finding the following
characteristics.11 ~i! This material is transparent in the visib
region ~band gap is;3.1 eV!. ~ii ! The electrical conduction
is p type and the conductivity is largely increased by sub
tution of Sr21 ions for La31 ions. ~iii ! The sharp absorption
and emission peaks originating from excitons are distinc
seen near the absorption band edge even at r
temperature.12 From these findings,~LaO!CuS is considered
to be an attractive candidate material for optoelectronic
vices in ultraviolet and/or blue regions.

Figure 1 shows the crystal structure of the layered oxys
fide ~LaO!CuS.13–15 The symmetry and space group are
tragonal andP4/nmm, respectively, and there are two fo
mula units in the unit cell.~LaO!CuS has a two-dimensiona
structure composed of alternately stacking Cu2S2 layers,
which consist of edge-sharing CuS4 tetrahedra and La2O2
layers along the@0 0 1# direction. In most oxides containin
monovalent Cu11, the Cu11 ions usually form O-Cu-O
dumbbell structures. On the other hand, Cu11 ions in sulfides
prefer to take tetrahedral coordination. In~LaO!CuS, Cu11
0163-1829/2001/64~24!/245211~5!/$20.00 64 2452
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ions take tetrahedral coordination because the Cu11 ions are
located in the sulfide layers.

Although the crystal structure of~LaO!CuS was deter-
mined definitely, its electronic structure, which is indispen
able for understanding the unique optoelectric properties
this material, has not been investigated yet. Therefore,
performed experimental and theoretical investigation c
cerning the electronic structure of this material. In this pap
we report the electronic structure~occupied and unoccupie
states! of ~LaO!CuS examined by normal/inverse photoem
sion spectroscopy and first-principles energy-band calc
tions.

II. EXPERIMENT

A. Sample preparation

An Sr-doped~5 at %! specimen was used for photoemi
sion measurements to avoid charging. Polycrystalline

FIG. 1. Crystal structure of~LaO!CuS. Note that each layer in
the unit cell has a12 or 22 charge.
©2001 The American Physical Society11-1
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doped~LaO!CuS was prepared by solid-state reaction us
La2O3, La2S3, Cu2S, SrS, and S powders in appropriate p
portions. The mixed reactant was pelletized and sealed i
evacuated silica tube, and heated at 1073 K for 6 h. A
regrinding and pelletizing by a cold isostatic press at 8
kg cm22, the pellet was heated at 1173 K for 6 h. The cry
talline phases of the sample were identified by powder x-
diffraction ~Rigaku Rint 2500!, and each diffraction peak
was indexed as arising from~LaO!CuS.

B. Photoemission and inverse photoemission measurements

Photoemission spectroscopy~PES! and inverse photo-
emission spectroscopy~PES! measurements were carried o
at room temperature using a home-built instrument.16 The
PES spectra were measured by using several excita
sources. In the ultraviolet photoemission spectroscopy~UPS!
measurement, He I~21.2 eV! and He II~40.8 eV! resonance
radiations from a He discharge lamp VG Microtech UVL-H
were used, and the energy resolution was better than
meV. In the x-ray photoemission spectroscopy measurem
Mg Ka ~1253.6 eV! radiation was used, and the energy res
lution was;1.4 eV. The IPES spectra were measured i
bremsstrahlung isochromat spectroscopy~BIS! mode. The
BIS spectra were obtained by detection of photons of 9.5
using a band-pass-type photon detector. The energy res
tion of the BIS spectra was;0.5 eV. The base pressure w
131027 in the PES chamber or 531028 Pa in the IPES
chamber. The sample surface was scrapedin situ with a dia-
mond file just before each measurement in order to ob
clean and fresh surfaces.

C. First-principles band calculations

The first-principles band calculations that we perform
are based on density-functional theory within the loc
density approximation~LDA !.17,18An analytical form of the
exchange-correlation potential proposed by Vosko, Wilk, a
Nusair was used in the calculations.19 The Kohn-Sham equa
tions were self-consistently solved by applying the fu
potential linearized augmented plane-wave~FLAPW!
method.20 The FLAPW calculation for~LaO!CuS was car-
ried out under the reported crystal structure: the space g
of P4/nmm, and the lattice constants ofa5b53.999, c
58.53 Å.14 The coordination axes ofx, y, andz in the cal-
culation were set to the lattice axes ofa, b, and c, respec-
tively. The muffin-tin ~MT! radii were set to 2.7~1.43! for
La, 2.1~1.11! for Cu, 1.9~1.01! for S, and 1.4 a.u.~0.743 Å!
for O. Inside the MT spheres, the angular momentum exp
sion was truncated atl max57 for the potential and 6 for the
wave function. The wave functions outside the MT sphe
were expanded in terms of plane waves up to a cutoff ene
of 10 Ry. Self-consistent calculations were carried out w
45 meshedk points in the irreducible wedge of the Brilloui
zone. The calculation was iterated until the calculated to
energy of the crystal converges into less than 0.01 mRy
tetrahedron method was used to obtain the total and pa
densities of states. The total density of states~DOS! was
evaluated by referring to the energy eigenvalues for
states, while the partial DOS was done for the states wi
24521
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the MT spheres. It should be noted that more than 70% of
total DOS is in the MT sphere in the occupied states, wh
more than 60% of the total DOS is out of the MT sphere
the unoccupied states in this calculation.

III. RESULTS

A. Photoemission and inverse photoemission spectra

Figure 2 shows the PES spectra~Eex521.2, 40.8, and
1253.6 eV! and IPES spectrum (hn59.5 eV) of ~LaO!CuS.
The PES and IPES spectra were shown by setting each F
energy to zero in the energy scale. The band gap estim
from band edges in these spectra is;3 eV, which is consis-
tent with the optical band gap obtained from the optic
transmission measurement on the thin film.11 The IPES spec-
trum shows two broad peaks at 4–5 and 8–9 eV. The P
spectra show four distinct bands peaking at about21.9,
23.6, 25.3, and26.3 eV, and these peaks are indexed a
to D. The intensity of the most intense peak B at23.6 eV
increases with increasing photon energy. The photoioniza
cross section of the Cu 3d states rapidly increases with a
increase in the photon energy from 21.2~He I! to 1252.6 eV
~Mg Ka! in comparison with the cross section of S 3p or O
2p states.21 Therefore, it is reasonable to interpret that t
peak B in the PES spectra arises primarily from the Cud
states. The intensities of the other peaks A, C, and D in
PES spectra decrease with increasing photon energy. T
peaks are suggested to be anionp states or hybridized state
taking into account the energy levels of orbitals of the co
ponent ions.

FIG. 2. PES and IPES spectra of~LaO!CuS. Photon energies o
21.2, 40.8, and 1253.6 eV were used in the PES measurements
that of 9.5 eV was detected in the IPES measurement. Fermi e
gies of the PES or IPES spectra were set to zero in the energy s
1-2
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B. Energy-band calculations

Figure 3~a! shows the energy-band structure of~LaO!CuS
calculated by the FLAPW method along the high-symme
k lines @see Fig. 3~b!#. It is found from the figure that both
the valence-band maximum~VBM ! and the conduction-ban
minimum ~CBM! are located at theG point (k50), indicat-
ing that~LaO!CuS is a direct-gap semiconductor. The dire
band gap is calculated to be 1.75 eV, which is smaller t
the value~;3.1 eV! experimentally determined by optica
transmission and photoemission measurements. This disc
ancy ~underestimation! is commonly seen for band-gap es
mation under LDA.

The effective masses of electrons (mc* ) and holes (mh* )
were estimated from the curvature near the CBM and VB
at theG point. The results aremc* 50.29, mh* 52.8 m for a
heavy hole, 0.34 m for a light hole in thex or y direction, and
mc* 50.36,mh* 51.2 m in thez direction.

The analysis of symmetry without considering the sp
orbital interaction revealed that the wave functions at VB
which degenerate twofold, are labeledG58 , and have symme
try similar to x andy. The wave function at CBM is labele
G1 , and has symmetry likez2. The polarization vectorsE'c
andEic in the tetragonal lattice (D4h) belong toG58 andG28 ,
respectively. The direct products of the irreducible repres
tations between the polarization vectors and the wave fu
tion of the valence band are given as

G583G585G11G21G31G4 , ~1a!

FIG. 3. Calculated band structure of~LaO!CuS along the high-
symmetry lines in the first Brillouin zone. The position of the Fer
energy is indicated by a dashed line at 0 eV.
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The direct productG583G58 contains the representation ofG1 ,
which is the same as the wave function of the conduct
band. This means that the optical transition between
VBM and CBM is allowed forE'c. Although anisotropic
electrical and optical properties are expected in~LaO!CuS, to
the best of our knowledge, there are no experimental d
showing the anisotropic properties because only the p
crystalline specimen is available at the present stage.

IV. DISCUSSION

A. Comparison of total and partial densities of states with
photoemission spectra

Figure 4 shows the total and partial densities of states
~LaO!CuS obtained by the FLAPW band calculations alo
with UPS ~HeI! and IPES spectra. The band gap of the c
culated DOS was enlarged so as to meet the experime
value ~;3.1 eV!. The experimental and theoretical curv
were compared on the same energy scale referred to
Fermi energy.

In the occupied states, the feature of the calculated t
DOS, which consists mainly of Cu 3d, S 3p, and O 2p
states, is in good agreement with the PES spectra, the ex
mentally observed DOS. The ratio of theoretical photoem
sion cross sections of the Cu 3d, S 3p, and O 2p states at
hn521.2 eV is about 1.0: 0.6: 1.4.21 The values of each
cross section of these states are roughly comparable. Th

i
FIG. 4. Electronic structure of~LaO!CuS near the Fermi energ

region: the total and partial densities of states along with UPS~He
I! and BIS spectra.
1-3
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fore, the calculated DOS can be compared with the pho
emission spectrum without correction of the cross section
a first approximation. The main peak B at about23.6 eV in
the PES spectra is assigned to the maximum at24 eV in the
total DOS. The bands responsible for the maximum origin
from well-localized Cu 3d states. Since S 3p states are
hardly seen in the energy region of peak B, this intense st
ture of B indicates a nonbonding character. This assignm
for peak B is basically consistent with the tentative assi
ment based on the photon energy dependence of the
spectra. The band C peaking at about25.3 eV predomi-
nantly consists of S 3p states arising from bonding interac
tion between Cu 3d and S 3p states. The peak D at abou
26.3 eV consists of O 2p ~major! and La 5d ~minor! states.
The band of the total DOS in the energy range between a
21.5 and23 eV corresponds to the experimentally observ
shoulder marked as A at about21.9 eV. This structure origi-
nates from well-hybridized Cu 3d and S 3p states.

In the unoccupied states, two broad structures are
served at around 4–5 and 8–9 eV in the IPES spectr
These two bands cannot be resolved clearly in the calcul
partial DOS. In addition, the intensity of the partial DOS
these energy regions is small because the most densitie
states~about more than 60% of the total DOS! in the unoc-
cupied states are out of the MT spheres. However, we te
tively consider that the structure around 4–5 eV is due to
5d states with a slight admixture of Cu 4s states, and the
structure around 8–9 eV consists mainly of La 5d and Cu
4p states.

B. Features arising from the band structure
near the band gap

We first focus on the band structure in the vicinity of t
VBM. According to the calculations, the upper valence ba
is primary composed of well-hybridized states between
3d and S 3p states, and has a relatively large band dispers
as compared with typical oxide semiconductors like SnO2.

22

This upper valence band of~LaO!CuS was clearly observe
as a broad shoulder A in the PES spectra. This broad fea
of the upper valence band results from the considerable
bridizations, that is, the large overlaps between Cu 3d and S
3p wave functions in the Cu2S2 layers. Moreover, the large
overlaps between these wave functions basically stem f
the close atomic energy levels of Cu 3d and S 3p orbitals,
indicating the strong covalent character of CuS bonds in
ys
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Cu2S2 layers or at the upper valence bands. Therefore, i
reasonable to expect that the large dispersion near the V
especially along theD andS lines, results in the small effec
tive mass of hole carriers and causesp-type electrical con-
duction in ~LaO!CuS.

Next discussed is the electronic structure around
CBM. The lowest conduction band is considered to con
mainly of Cu 4s states, although the Cu 4s states cannot be
clearly seen in the partial DOS, and no remarkable struc
originating from a Cu 4s band was resolved in the IPE
spectrum. However, this consideration is supported by
result that the band around the CBM is almost isotropic
any direction, for example, theG-X, G-M , andG-Z direc-
tions, indicating itss-like character. As seen in the band di
gram of Fig. 3~a!, the dispersion of this band is relativel
small fors states in comparison with typicaln-type transpar-
ent conducting oxides such as ZnO.23 This implies that Cu
4s orbitals in ~LaO!CuS are not spread as widely as Zn 4s
orbitals in ZnO. As a result, this small dispersion leads to
wide band gap of about 3.1 eV in spite of the large dispers
of the top of the valence band, which is large enough
provide transparency in the visible region. Furthermore,
small dispersion around the CBM gives a relatively lar
effective mass of electrons, which will explain the high s
bility or the large binding energy of excitons in~LaO!CuS as
discussed in a previous paper.12

V. SUMMARY

The present study examined the electronic structure o
transparentp-type semiconductor~LaO!CuS by both photo-
emission spectroscopy and first-principles band calculatio
The results obtained are summarized as follows:

~i! Both the valence-band maximum and the conducti
band minimum are located at theG point (k50), and the
direct transition between these two states is allowed
E'c.

~ii ! The upper valence band, which is primarily compos
of the well-hybridized states between Cu 3d and S 3p states,
has a large dispersion in thex or y direction, which is ex-
pected to cause strong anisotropic hole transport proper

~iii ! The lowest conduction band mainly composed of
4s states has a relatively small band dispersion in comp
son with typicaln-type conducting oxides. This small dispe
sion leads to the wide band gap of this material and a r
tively large effective mass of electrons.
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