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Photonic materials utilizing naturally occurring nanostructures
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Abstract

We report distinct optical/electrical properties inherent to build-in nanostructures in transparent oxide based materials, oxychalcogenides
LaCuOS and LaCuOSe having naturally formed multi-quantum well structures and 12CaO·7Al2O3 (C12A7) with a unique nanoporous
structure. LaCuOSe doped with Mg ions exhibit degenerative p-type conduction presumable due to “modulation doping mechanism”
with a high mobility of 4.0 cm2 V−1 s−1 even at high hole concentration (∼2×1020 cm−3). The room temperature exciton, having a large
binding energy (∼50 meV) due to the confinement effect of carriers in the CuS or CuSe layer, induces a large optical nonlinearity at
room temperature (RT) (χ(3) = 2–4×10−9 esu) near the absorption band. The H− ion entrapped in nanosize cages in C12A7 lattice causes
an persistent conversion at RT from an electric insulator (<10−10 S cm−1) to a semiconductor (0.3–100 S cm−1) by capturing electrons
photo-ionized from H− ions in the cages. This is a first electronic conductor based on main group light metal oxides.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Oxide ceramics is probably among the oldest of
man-made materials owing to the abundance and easy
availability of the ingredients. Although most oxides are op-
tically transparent, important for optical applications, it has
been believed that active functions based on excited elec-
trons, such as in crystalline semiconductor materials, are
not possible. For example, alumina and glasses, which are
representative oxides, are optically transparent but electri-
cally insulating. If novel active functionalities utilizing both
optical transparency and electron activity in oxide materials
are realized, one can expect that a new frontier of materials
science will be opened in front of us because these oxides
are abundant and environmentally compatible. On the basis
of this belief, we have focused on the band engineering and
defect engineering for them in order to design an efficient
electron-transfer system. It leads to the following our sub-
stantial results about transparent oxide semiconductors[1],
nanoporous materials[2], optical oxides for vacuum/deep
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ultraviolet (UV) lasers[3], and nano-fabrication of transpar-
ent dielectrics by interfered femtosecond laser pulses[4].

In this paper we report our works on optical/photonic
properties found in transparent materials based on ox-
ides, which have build-in periodic nanostructures. Ma-
terials we focused on are LaCuOS, LaCuOSe and
12CaO·7Al2O3 (C12A7). LaCuOS and LaCuOSe is fea-
tured by two-dimensional layered structure, respectively
composed of narrow-gap semiconductor Cu2S and Cu2Se
sandwiched by wide gap insulator La2O3. This naturally
occurring periodic nanolayers are not seen in typical com-
pound semiconductors such as GaAs and GaN, and is a
unique for oxides composed of a variety of chemical bond-
ing nature. On the other hand, the C12A7 crystal has an
exceptional nanoporous structure composed of positively
charged lattice framework containing twelve cages and
extra-framework oxygen ions occupying two different cages.
This feature provides flexibility to replace the free oxygen
ions with other anions by suitable thermal treatments. Thus,
we can expect variety of novel electronic, optical and ionic
properties appearing in C12A7 due to the incorporation of
anions such as H− and “electron” in the nano-sized cages.
Several unique properties discovered in these materials such
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as room temperature (RT) stable exciton, large optical non-
linearity and photo-induced insulator–conductor conversion
are to be summarized, placing an emphasis on a crucial role
of the nanostructures inherent to the crystal structures.

2. Oxychalcogenide: LaCuOCh with naturally formed
layered structure

Transparent oxide semiconductors (TOS) are valuable
materials that have both electrical conductivity and trans-
parency in UV–vis light region. Almost all the TOS have
n-type conductivity, and the TOS with p-type conductivity,
required for valuable functionalities by PN junction, has
seldom been to be realized. Oxychalcogenides LaCuOCh
(Ch: chalcogen ion) compounds are exceptional TOS that
combine wide bandgap with large p-type conductivity
[5–7].

2.1. Crystal structure

The LaCuOCh have tetragonal system (space group:P4/
nmm) with alternate layers of LaO and CuCh stacked along
thec-axis as shown inFig. 1 [8–10]. Each layer is constituted
by edge-shared La4O and CuCh4 tetrahedra. Both S and Se
can occupy the chalcogen site. Thus, there is a complete solid
solution of LaCuOS–LaCuOSe system, i.e. LaCuOS1−xSex
(x = 0–1)[5]. The La2O3 and Cu2Ch, which basically com-
poses the layered LaCuOCh, have bandgaps of∼5.5 eV and
<2 eV, respectively. The density of state estimated from the
energy band diagram for each layer in LaCuOCh reveals
that this compound has a large band-offset feature. There-
fore, we expect that these oxychalcogenides have quantum
well structures naturally formed by their layered structures
to exhibit quantum confinement effects.

2.2. Electrical properties

Fig. 2 shows hole transport properties of undoped
(closed) and Mg 10 at.%-doped(open) LaCuOS1−xSex (x
= 0–1) at 300 K. Hole concentration of undoped sam-
ple (∼2×1019 cm−3) increases to∼2×1020 cm−3 by Mg

Fig. 1. Crystal structure of layered oxychalcogenides: LaCuOCh (Ch
= chalcogen).

Fig. 2. Hole concentration (squares) and mobility (circles) of undoped
(closed symbols) and 10-at.% Mg doped (open symbols) LaCuOS1−xSex
(x = 0–1) at 300 K.

doping. Hall mobility of the Mg-doped film increases from
0.2 to 4.0 cm2 V−1 s−1 by replacing the anion S with Se,
resulting in the increase in the electrical conductivity from
5.9 to 140 S cm−1. The increase in the mobility is attributed
to the enhancement of the valence band dispersion by the
contribution of more extended Se 4p orbital. It would be
worth noting that the mobility of the Mg-doped films is
reduced only to half of that in the undoped films despite
the heavy Mg ion doping. Coexistence of the large hole
concentrations >1020 cm−3 and the moderately large mo-
bility is unusual in conventional semiconductors. It may be
attributed to the modulation doping based on the naturally
formed layered crystal structure: i.e. Mg ion is doped in the
LaO layer (carrier doping layer) and then the hole carriers
generated in the layer are immediately transferred to the
CuCh layer (hole conduction layer). Thus, the mobile hole
carriers are not scattered by the charged impurities since
the hole conduction layer is spatially separated from the
doping layer, which naturally realizes the modulation dop-
ing structure such formed intentionally in a high electron
mobility transistor (HEMT).

Fig. 3 shows temperature dependences of the hole con-
centration and the mobility for the Mg-doped LaCuOSe.
The film exhibits p-type degenerate conduction with high
hole concentrations >1020 cm−3. This feature should be

Fig. 3. Temperature dependence of hole concentration (squares) and Hall
mobility (circles) of 10-at.% Mg doped LaCuOSe (x = 1).
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compared with conventional wide gap p-type semi-
conductors: maximum hole concentrations reported are
<1019 cm−3 for GaN:Mg or ZnSe:N, and they never show
the degenerate conduction as their acceptor levels are deeper
than 100 meV. This is a first demonstration of a p-type
degenerate conduction in wide gap semiconductors[11,12].

2.3. Optical properties [13]

LaCuOS and LaCuOSe, which have wide bandgap energy
due to the confinement of carriers in the CuS or CuSe layer,
exhibit sharp photoluminescence (PL) and absorption bands
around fundamental absorption region even at RT as shown
in Fig. 4. The absorption spectrum of LaCuOS shows a sin-
gle band at 3.2 eV. On the other hand, two absorption bands
around 2.9 and 3.1 eV were observed in LaCuOSe. The cal-
culation for energy band structure and symmetry analysis
verify that the degenerated valence band maximum (VBM)
is split into two singlet states due to the spin–orbit interac-
tion of chalcogen ions[14]. The larger spin–orbit coupling
in Se ion than in S ion causes the distinct splitting of ab-
sorption band in LaCuOSe. These absorption bands are at-
tributed to band-edge excitons that are thermally stable even
at RT due to the large binding energy.

The PL peak energies are located just below the absorp-
tion band due to excitons, which are in blue-UV light region
[7,15]. Fig. 5 shows excitonic PL energy of the undoped
LaCuOS1−xSex (x = 0–1) at 300 K as a function ofa-axis
length or chemical composition. The emission energy de-
creases almost linearly asa-axis length increases, which
allows the emission energy tuning from 3.2 eV (390 nm)
to 2.9 eV (430 nm) by changing the Se content,x. The de-
crease in the emission energy is attributed to the change
in the VBM electronic structure. The substitution of S by
Se causes an enhancement of VBM dispersion to result in
the reduction of the energy bandgap. This kind of bandgap
engineering should be quite effective for the fabrication of
opto-electonic devices, especially for light-emitting diodes
in terms of tuning emission wavelength.
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Fig. 4. PL and Absorption spectra for LaCuOS and LaCuOSe at RT.

Fig. 5. PL peak energy of undoped LaCuOS1−xSex at 300 K as a function
of the a-axis length or the Se content.

2.4. Nonlinear optical properties

The photo-excitation near the bandgap energy creates
transiently generated excitons in the conductive CuS and
CuSe layer. The studies for semiconductor quantum-well
and nano-particle have revealed that the optical nonlinearity
is highly enhanced at the resonant energy of the exciton,
especially when the exciton has a large binding energy or
is confined in the nanostructures[16,17]. The excitons with
large binding energy are particularly favorable for practical
applications because the enhancement takes place even at
RT. Thus, it is expected that the confinement of the exci-
ton in CuS and CuSe nano-layer also develop such a large
optical nonlinearity in blue-UV light region. We confirmed
the spectral intensity and time-response of the nonlinear-
ity, represented by third-order optical susceptibilityχ(3), in
the epitaxial thin films using a femtosecond time-resolved
degenerative four-wave mixing (DFWM) technique around
the bandgap energy at RT.

The DFWM measurements were carried out in a conven-
tional pump-probe configuration. The second harmonic of a
mode locked Ti:sapphire laser (tunable from 350 to 450 nm)
with a pulse width of∼100 fs and repetition rate of 80 MHz
was used as a light source. The pulse was split into two,
which were chopped at different frequencies (f1,f2) and
focused on the sample with a spot diameter of∼50�m and
a cross-angle of 8◦ between the pulse directions (k1 and
k2). The excitation power density was 1.8×107 W/cm2. The
DFWM signal refracted in a forward direction 2k1–k2 due
to a transient grating formed in the sample was measured
as a function of time delay between the split pulses using
a photomultiplier connected to a lock-in amplifier synchro-
nized at the sum frequency (f1+f2). The absolute values
of χ(3) for LaCuOS and LaCuOSe were determined by
comparing the DFWM signal to the signal from a standard
material (in this case, a silica glass plate) using a theoretical
relation mentioned in a reference[18].

Fig. 6shows theχ(3) values of the epitaxial LaCuOS and
LaCuOSe thin films as a function of excitation wavelength
in the fundamental absorption region at RT, compared with
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Fig. 6. χ(3) and absorption spectra for LaCuOS, LaCuOSe and ZnO epi-
taxial thin films as a function of excitation energy. Measurement temper-
ature: RT.

optical absorption spectra of the films. Those of the epitax-
ial ZnO film are also shown as a reference. Theχ(3) values
for LaCuOS and LaCuOSe depend strongly on the excita-
tion wavelength showing sharp peaks just below these ab-
sorption band peaks, which clearly indicatesχ(3) resonance
with the exciton absorption. Theχ(3) values of the LaCuOS
and LaCuOSe films are enhanced to 2–4×10−9 esu at their
absorption peaks, which is larger than that of the ZnO film
(1×10−9 esu), while LaCuOS and LaCuOSe have smaller
exciton binding energy (∼50, 60 meV for ZnO). The larger
χ(3) values in LaCuOS and LaCuOSe presumably attribute
to an increase in the density of exciton states caused by the
exciton confinement in the CuS and CuSe layer[19]. These
χ(3) values are comparable with those for semiconductor
CdS (or CdSe) nanoparticles dispersed in glass matrix.

The DFWM signals for LaCuOS and LaCuOSe as a func-
tion of the delay time between the pump and probe pulses
are shown inFig. 7. The excitation energies were fixed at
the absorption band-edge peaks of LaCuOS and LaCuOSe,
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Fig. 7. DFWM signals as a function of time delay at the absorption peak
energy of 3.2 eV for LaCuOS and of 2.9 eV for LaCuOSe.
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Fig. 8. Decay profiles of PL for LaCuOS and LaCuOSe at the peak energy.

respectively. The response timesτ are∼250 and 300 fs for
LaCuOS and Se at RT, respectively. On the other hand,
Fig. 8 shows the normalized PL decay profiles of LaCuOS
and LaCuOSe, which were measured using a streak cam-
era with a picosecond time resolution at RT and 30 K. The
third harmonic of a mode locked Ti:sapphire laser (cen-
ter wavelength 870 nm) with a pulse width of∼100 fs and
repetition rate of 1 kHz was used as an excitation light
source. The energy decay timesτ1 of the excitons have been
estimated as 30 ps for LaCuOS at RT and as 40 ps (200 ps)
for LaCuOS (LaCuOSe) at 30 K through single exponential
fittings for the photoluminescence decay curves. The decay
time of LaCuOSe at RT cannot be obtained because of the
weak PL intensity so far. The relatively slow decay of PL in
LaCuOSe suggests that the photo-excited carrier transport
to the lowest energy exciton after a retention at the upper
energy exciton state before radiation. The large dissocia-
tion of τ from τ1 in both samples reveals that the DFWM
response time is not dominated by energy decay but rather
the dephasing timeτ2 of the transient grating induced by
nonlinear polarization from the intense laser pulse irradia-
tion, as described by the relationτ = τ2/4 in the exciton
distribution with inhomogeneous broadening.

Theχ(3) resonance energy can be freely varied from 2.9 to
3.2 eV (380–420 nm) through the formation of solid solution
for LaCuOS and LaCuOSe. This energy region just overlaps
with the working area of GaN-based laser. That is, compound
LaCuOS1−xSex (x = 0–1) is quite attractive for emerging
applications such as an optical switching device operating
in blue-UV light region.

3. Photo-induced conversion of from electronic
insulator to conductor in C12A7

Main group light metal oxides, which are represented by
alkaline-earth oxides, alumina, and silica, have been believed
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Fig. 9. Illustration of three neighboring cages in C12A7 extracted from
the crystal lattice. One of the cages traps an H− ion.

to be unexceptionally good insulators. By utilizing an in-
herent nanoporous structure, however, one of these classes
of materials, C12A7, has been converted into an electronic
conductor for the first time[20].

3.1. Incorporation of H-ion in nano-sized cage

The stoichiometric chemical formula for the unit cell
(Z = 2) is represented as [Ca24Al28O64]4+ + 2O2−. The
former denotes the lattice framework (lattice constant of
1.199 nm) including 12 cages with a free space of∼0.4 nm

Fig. 10. Thermal changes in C12A7:H or UV-irradiated C12A7:H. (a) Thermogravimetric-mass spectroscopy (TG-MS) analysis on C12A7:H. Polycrystalline
C12A7:H was heated at a rate of 10 K min−1 in a He atmosphere. Intensity of H2 (m/e = 2) desorption was recorded. (b) The decay of the absorbance
at 2.8 and 1.5 eV (as a measure of the 0.4 eV band) and conductance upon heating. The C12A7 sample was illuminated by Xe-lamp light for 15 min
prior to the heating.

in diameter (Fig. 9) , thereby each cage has a mean effective
charge of+1/3 (= +4 /12) [21]. The latter is called ‘free
oxygen ion’, which is loosely bound in the cage and com-
pensates for the positively charged framework. These fea-
tures provide flexibility for substituting other anions such as
OH− [22], F−, Cl− [23], O2− [24–26] and O− [25,26] for
the free oxygen ion.

A thermal treatment in hydrogen atmosphere (e.g.
1300◦C, 20% H2–80% N2) incorporates hydride ion, H−,
into the cage. Analysis by nuclear magnetic resonance
(NMR), secondary ion mass spectroscopy (SIMS), and in-
frared absorption spectroscopy revealed that C12A7 after
the treatment contains high concentration (2×1020 cm−3)
of the H− ion. Presence of the H− ion is supported by the
release of hydrogen molecules at 500–750◦C (Fig. 10a)
when heated in He gas.

3.2. Optical and electrical properties

The H−-loaded C12A7 (C12A7:H) single-crystal looks
colorless transparent (Fig. 11) and a good insulator having
electric conductivity<10−10 S cm−1. However, illumination
of UV light changed the color from transparent to yellow-
ish green due to the emergence of optical absorption bands
at 2.8 and 0.4 eV. Even after the illumination was stopped,
these absorptions remained unchanged.Fig. 11also plots the
relative efficiency of the color center yield as a function of
the photon energy in the irradiated light. The optical absorp-
tion edge of intrinsic C12A7 crystal locates at∼5 eV and
shifted to∼4 eV by the H− incorporation. An agreement of
the maximum efficiency (∼4.1 eV) with the absorption edge
indicates that the photo-excitation of the H− ion is respon-
sible for the coloration. Simultaneously with the coloration,
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Fig. 11. The absorption spectra of C12A7:H single-crystals (0.3 mm thick)
before (gray solid line) and after (black solid line) illuminating with
UV radiation (4.9 eV light to 2×1020 photons cm−2). The sensitivity of
the light-induced coloration is plotted by circles. The inset is a photo
of C12A7:H single crystals (2.8×2.8×0.3t mm3) before (left) and after
(right) UV-light illumination.

the electric conductivity increased drastically to 0.3 S cm−1

at 300 K. This value is at least a billion times greater than
that before the UV irradiation.

Since an electron paramagnetic resonance (EPR) sig-
nal with an isotropic Lorenzian shape was observed atg

= 1.994 upon the irradiation, the two optical absorption
bands are attributed to an F+-like center[27], which is cre-
ated by an electron trapping in the cage. The UV-irradiation,
therefore, is considered to induce an electron emission from
the H− ions (H− → H0 + e−). Then, an empty cage cap-
tures the electron, forming the F+-like center. Further, a
migration of the electrons at the F+-like centers may be re-
sponsible for the electronic conduction. These observations
were confirmed by an ab initio calculation[28]. The results
of calculation demonstrated that the electron could be lo-
calized at the center of the cage with s-character. However,
a small barrier (∼0.1–0.2 eV) for inter-cage hopping of the
electron assisted by a strong lattice relaxation allows a po-
laronic electronic transportation. Further, the 0.4 eV band is
interpreted as the inter-cage s→ s transition, while 2.8 eV
band is assigned to the intra-cage s→ p transitions.

As shown inFig. 10b, the inversion to the insulator oc-
curred accompanying with the rapid decay of the optical
absorptions when heated >300◦C. Further heating >550◦C
caused the release of H2 gas from the C12A7:H as in
Fig. 10a, and then, the photosensitivity got lost. In other
words, the emergence of the insulator–conductor conversion
is reversible unless the heating temperature is high enough
to release the H− ion.

The present properties provide novel applications like a
direct patterning of transparent electronic circuits by the
UV-light. Thin film having such function was realized by
the pulsed laser deposition followed by a high-temperature
(1200◦C) hydrogen annealing[29]. Further, an H2+ ion im-
plantation was also demonstrated to form the H− ion in

C12A7 [30]. This technique makes it possible to lower the
process temperature to 500–700◦C and to control the elec-
trical conductivity easily. In addition, it is noteworthy that
high electronic conductivity exceeding 100 S cm−1 at 300 K
was recently attained by a complete substitution of the free
oxygen ions with electrons[31]. The resulting C12A7 is re-
garded as a thermally and chemically stable ‘electride’[32].

4. Summary

We have briefly reported our recent works preformed in
“Transparent Electro Active Materials Project”, placing em-
phases on optical/electrical properties inherent to build-in
nanostructures in transparent materials based on oxides.
Materials we focused on are oxychalcogenides LaCuOS
and LaCuOSe, having naturally formed multi-quantum
well structures, and 12CaO·7Al2O3 (C12A7) with a unique
nanoporous structure.

The room temperature excitons in LaCuOS, which has a
large binding energy due to the confinement effect of carriers
in the CuS, shift to lower energy side with the substitution
of S with Se ions, accompanied with the splitting due to the
larger spin–orbit interaction of Se ion. The third order optical
susceptibilities, measured by a femtosecond time-resolved
degenerative four wave mixing technique, depend strongly
on wavelength, showing sharp resonance peaks to the exci-
ton absorption bands. Theχ(3) values at room temperature
reach 2–4×10−9 esu, which are larger than that of ZnO pre-
sumably due to the confinement of the exciton in the CuS
and CuSe layer. Further, the degenerative conduction is re-
alized in Mg doped LaCuOSe for the first time among wide
gap p-type semiconductors. The modulation doping mecha-
nism likely works in the system, where Mg ions occupy La
sites in the LaO layer and the generated carriers move in the
CuS and CuSe layer. Such spatial separation between the
doping site and the conduction path keeps the hole mobility
remarkably larger and makes the hole concentration higher,
leading to the degenerate conduction.

Under the thermal treatment in hydrogen atmosphere,
C12A7 incorporates H− ions in the nano-sized cages em-
bedded in the lattice framework. The obtained H−-loaded
C12A7 undergoes an persistent conversion at room temper-
ature from the electric insulator to semiconductor, accom-
panied with coloration from transparent to yellowish green
with an irradiation of UV light. The empty cages capture
the photo-released electrons from the H− ions to form F+
like centers. The electrons are so loosely bound to the cages
that they can migrate among cages, causing the electric con-
ductivity. This is the first example for the main group oxide
to exhibit electric conductivity. The photo-induced process
is practically useful for writing electric wiring patterns by
light.

These examples described in this paper demonstrate re-
alization of excellent photonic features in oxide-based ma-
terials applicable for emerging devices. These features are
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derived from their natural occurring nanostructures, which
never exist in typical compound semiconductors. Present
attainments open a new frontier of material science, paving
a way to “invisible oxide electronics”.
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