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LnCuOCh (Ln=lanthanide,Ch=chalcogen) layered oxychalcogenides are wide{gdppe semiconduc-
tors composed of alternately stackddngO,)2" oxide layers and (G&Ch,)2~ chalcogenide layers. Energy
band calculations revealed that @h hybridized bands only spread in the ({Qh,)2~ layers, which suggests
that hole carriers in these bands are confined by the potential barriers formed biriy@,)?" layers.
Stepwise absorption spectra of a series LafCuOCh experimentally verified that an exciton in the
(Cu,Ch,)? layers shows a two-dimensional behavior. These theoretical and experimental results indicate that
LnCuOCh has “natural multiple quantum wells” built into its layered structure.
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Novel and useful electronic functions have resulted fromposed of a highly covalent and dispersed @+8h p hy-
the confinement of carriers or excitons in artificial quantumbridized band. Therefore, (¢Gh,)?~ layers work as hole-
wells (QWS) of compound semiconductotslechniques for  conduction paths sandwiched between insulating,0,)?*
confining carriers/excitons in multiple quantum wells layers.
(MQWSs) have been practically applied to quantum devices An energy band structure and a total or partial density of
such as high electron mobility transistors and QW la&ers.States of LaCuOS using a first principle pseudopotential

The QWs, which are usually several nm wide, are artificiallyMethod supports this vie{fig. 2@)]. The energy band struc-

. . : : ture shows that both the conduction band minim(@BM)
fgt_)rlcated _by aIternatmg_ vapor phase epitaxy with the_ deF?Oand the valence band maximuiviBM) are located at th&
sition of thin layers on single crystal substrates. Despite sig-

o s ) point, which forms a direct band gap structure, and Gu 3
nificant progress in film growth technology, the size of theand S P orbitals form the VBM and Cugtorbitals primarily

QWs is still difficult to control precisely on an atomic scale. f5rm the CBM. The orbitals related to the (1@,)2" layer

In contrast to artificial MQWs, there are many layered ma-have negligible density of states in the energy range from
terials, which self-organize into periodically aligned atomic —1.5 eV to the VBM(0.0 e\). Figure 2b) shows a contour
layers. If the width and energy level of each layer are propmap of electron density at around the VBM on t@#00)

erly selected, then a QW structure will form in the crystalsplane. The orbitals at the VBM have a node between Cu and
on the atomic scale. Therefore, examining the quantum corS ions, indicating that the formation of an antibonding
finement effects in natural MQW layered crystals is impor-Cu 3d—S 3p hybridized band at the VBM. It is noteworthy
tant, and the results will provide a new viewpoint for finding
and utilizing novel functions in layered materials.

Here we report two-dimensional carrier/exciton confine-
ment effects for a series of layered oxychalcogenides,
LnCuOCh (Ln=La, Pr and NdCh=S, Se and Te Hole
carriers or excitons that are confined to chalcogenide layers
typically show two-dimensional characteristics such as a
stepwise shape of the optical absorption spectra similar to
semiconductor artificial MQWS These results indicate that
these compounds are natural MQWSs as well as transparent
p-type semiconductors with light emitting featuftes.

The crystal structure o nCuCCh is characterized by
alternately stackedL(n,0,)?" oxide and (CyCh,)?~ chal-
cogenide layers along the axis, as shown in Fig. "8
SincelLn,03 are typical electrical insulators, it is reasonable
that the (n,0,)?" layer acts as a blocking barrier for car-
rier transport. On the other hand, the ¢Cin,)?~ layer is a
charged I-VI semiconductor in which the Ciions are coor-
dinated to fourCh ions, forming a tetrahedral structure simi-
lar to those in 11I-V and II-VI semiconductors. As preViOUSly FIG. 1. (Color) Crystal structure olLnCuOCh (space group:
suggested in the wide-gap-type oxide semiconductor pP4hmm). (Ln,0,)?* layers and (CyCh,)?~ layers are alter-
studies) the top of the valence band IopnCuOCh is com-  nately stacked along the axis, forming a MQW structure.
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FIG. 2. (Color) (a) Energy
band diagram and total/partial
DOS of LaCuOS, along with a
schematic illustration of the QW
structure.(b) Contour plot of the
electron density at the energies of
around VBM (-1.5e\<E
<0eV), which shows the shape
of Cu-S hybridized orbitals.

that the VBM orbitals only spread in the (§%)2~ layers, quality epitaxial thin films of LaCuOS ,Sg, and LnCuOS
which is consistent with the theory that holes are both spafLn=La, Pr, and Ng The 150-nm-thick epitaxial films
tially and energetically confined in the (€8)?  layers. were grown on MgO single crystal substrates by reactive
These results demonstrate that the {&)?~ layer works as  solid-phase epitax}, Measurements were conducted at 10 K
a well and the (LgO,)?" layer serves as a barrier for hole using a conventional spectrometer with a cryostat, and unpo-
carriers due to the large offset energy at the valence bandgrized incidence light directed normal to the film surface.
forming a QW structure in LaCuOS. Absorption coefficients were obtained by dividing the optical
This picture of the MQW structure was experimentally absorption by the film thickness, neglecting reflections at the
confirmed by optical absorption spectra measured on highfilm surface. Figure @) shows the optical absorption spectra
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FIG. 3. Optical absorption spectra ¢&) LaCuOS_,Se (0
<x=<1) and(b) LnCuOS (n=La, Pr, and Ng at 10 K. Symme-
tries of the VBM and CBM af’ point are shown in the inset when
the influence of spin-orbit interactions is considered.
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FIG. 4. Absorption peak energies near the band gap ed@® in
LaCuOS ,Sg (0=<x=<1) and(b) LnCuOS (n=La, Pr, and Ndg
at 10 K. The central positions between a pair of peasn and
closed symbols split by spin-orbit interactions are shown by
dashed lines fon=1 and 2. The inset illustrates energy transitions
forn=1 and 2.

Se content increases, and a maximum splitting of 125 meV is
reached for LaCuOSexE& 1). Te anions further enhanced
the peak splitting up to 220 meV in LaCuQg@e, 4. The
symmetry of the VBM at thd” point in the D4, group is
assigned a$'s , which is doubly degenerated without spin-
orbit interactions. When the spin-orbit interactions are con-
sidered, the degenerated stdig | splits into two statesl(g
andI';) and the transitions from these two states to the
CBM (T'g) are symmetry allowed. The increase in the split-
ting with atomic number o€ h ions and the symmetry analy-
sis of the VBM lead to the conclusion that the splitting re-
sults from the spin-orbit interaction @&h ions!!

This spin-orbit splitting at the VBM enabled clear step-
wise shapes to be observed in optical absorption spectra,
especially for LaCuOSe. This stepwise absorption confirms
that these compounds have a two-dimensional density of
states(DOS).*? Therefore, the stepwise increase in the ab-
sorption spectra df nCuOCh reflects overlapping two step-
wise DOSs split by the spin-orbit interaction as illustrated in
Fig. 3(a) for LaCuOSe. A sharp exciton peak at the step edge
accompanies each step structure. These features are similar
to those observed in artificial MQWs fabricated from 1lI-V
or II-VI compound semiconductors. However, the absorption
bands fom=2 are much broader than those for 1 and the
stepwise shape becomes unclearrfer2, indicating that, as
n increases, the confinement effect becomes weaker.

In addition to theCh ions, lanthanide ions also cause

of LaCuOS _,Sg, (0=x=<1) above the fundamental absorp- splitting due to spin-orbit interactions, as shown in Fif)3

tion edges. A pair of sharp absorption peaks-(L) assigned

Although the splitting byLn ions is very small compared to

as excitons is observed at the absorption edge in each filnthat of theCh ions, the splitting increases with the number of
The energy spacing between the peak pairs increases as #he electrons. The small energy splitting by tha ions may
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suggest that mixing of # orbitals with the Cu8—Ch p  size of a unitcell @=3.996 A, c=8.517 A). Therefore, it is
hybridized orbitals is very small due to the spatial separatioieasonable that the excitons can “feel” the two-dimensional
of these two orbitals® environment in the (C15,)°~ layers.

Another important feature for the observed confinement The features of the excitons lnCuOCh are not identi-
effects in the absorption spectra is that the energy separatiaal to those in artificial MQWSs of semiconductors due to
between n=1 and 2 increases with Se content in their crystal and electronic structure. Since the band disper-
LaCuOS_,Seg or as La ions are substituted for by Pr or Nd sion at the VBM differs in thd™-Z andI'-X directions[Fig.
ions (Fig. 4). This increase in the energy separation betweerp(a)], the hole effective mass along theaxis (m%,) is much
n=1 and 2 originates from an increase in the confinemenfarger than that along the axis (m%,), indicating that holes
effe.c.ts due to an increase in the barrier helght- by .the COMare strongly confined in the (GBh,)2~ layers. In contrast,
positional change. Since the energy level of $eigthigher  yho phang dispersion at the CBM does not display a large

than that of S 8, the VBM becomes higher and the QWs of nisotropy, which suggests that electrons are not thoroughly
the holes become deeper as the Se content increases. In fined by the n,0,)2" barrier layers. In addition, it is

case ofLn sqbstltuthn, the VBM shnfts to higher energy .expected that local dielectric constant or local electronic po-
because the interaction at the VBM increases as the oniC  “bility is different between the (GEh,)2~ and
size or lattice constants decrease in the series. These y 2

shifts of the VBM are responsible for the decrease in the(l‘n?OZ)z?r Iaye_rs,_ and may affect the slze or shape of f[he
band gap in the compounds with the SeLar substitutions. excitons in a similar manner to _the-_ amsptropy_ of effective
The observed two-dimensional features of the stepwis81@SS- Although a detailed quantitative discussion of the ex-
shape with multilevel excitons in the optical absorption areCitons is presently difficult, all the theoretical and experimen-
very unique for.nCuOCh. The stepwise exciton absorption &l results to date indicate that a hole constituting the exciton
has not been observed in other naturally layered crystals thé tightly confined by the barrier of thel(,0,)*" layers
we have surveyed such as GaSe, GdCland and is accompanied by its electron partner near the hole.
(CyHant 1NH3)Pbl, . 14718 A relative dielectric constants() The energy band calculations and experimental observa-
measured by ellipsometry is 6—7 for LaCuOS at a photoriion of electronic and optical properties indicate that the lay-
energy of~2 eV. A simple hydrogenlike model and the av- ered LnCuOCh compounds should be treated like natural
eraged reduced effective massu*(my=0.25) of an MQWs with large barrier heights that can be controlled by
electron-hole patf yield a radius of excitons in LaCuOS of component ions. This paper demonstrates that built-in QWs
12-15 A without accounting for the anisotropy of these pa-on the atomic scale can be formed in layered compounds and
rameters. This radius of excitons is much larger than thehat in the future the technology established for artificial
thickness of the (Ci8,)2~ layers, 2—3 times larger than the QWs may be extended or applied to these natural MQWs.
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