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Single Crystals of CuAlS, Doped with Rare-Earth Ions

Tsuyoshi OHGOH, Yuki Kupo*! and Katsuaki SATO*?
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Photoluminescence spectra have been studied in CuAlS, single crystals doped with a series of rare-earth ions grown by
the chemical vapor transport technique. Several sharp emissions originated from electronic transitions between the L-S
coupling terms of 4f-shell originated multiplets have been observed for Tb**, Tm** and Ho** ions in CuAlS, host,
whereas the spectra of Ce- and Sm-doped crystals showed no significant difference from the undoped crystals.
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The chalcopyrite type semiconductor CuAlS; has a
direct energy gap E,=3.55eV," wide enough to accom-
modate visible emitting centers such as transition metal
ions and rare-earth ions. A typical photoluminescence
(PL) spectrum of undoped CuAlS, under the excitation
by the 365 nm line (3.40 eV < E,) of a superhigh-pressure
Hg-lamp usually shows orange luminescence peaked at
1.9 eV. On the other hand, under the excitation by the
325 nm (3.81eV>E,;) of He-Cd laser, it exhibits the
same orange emission, as well as a purple emission
peaked at 3.0eV at low temperatures, those emissions
being attributed to the radiative donor-acceptor (D-A)
pair recombination.? In this paper, we report the studies
of PL properties of the CuAlS; single crystals doped with
rare-earth ions.

The single crystals were grown by the iodine chemical
vapor transport method from the constituent elements
with appropriate amount ( ~ 5.0 mol%) of rare-earth ele-
ments which were supposed to occupy the Al-site.
However, the analyzed concentration of the rare-earth,
in the case of Tb-doping was found to be less than 0.05
mol%, instead of the starting molar ratio of 4.5 mol%.
Similar situation occurred in the case of the Tm-doped
crystal, in which EPMA analysis revealed that the Tm
concentration incorporated into the crystal was only
0.25 mol%. Thus the same situation is expected for other
rare-earth dopants.

The starting materials were sealed in evacuated (about
107° Torr) silica ampoule (13 mm inner in diameter and
200 mm in length) with 10 mg/cm® of iodine. The am-
poule was placed in a two-zone furnace, the transport
being carried out for seven days with the temperature of
source-zone being 900°C and that of the growth-zone
being 750°C. The resulting crystals had a well-developed
{112} plane of the chalcopyrite structure. The size of the
crystal is apparently dependent on ionic radius of rare-
earth ions. The size of the crystals doped with rare-earth
having smaller ionic radii (e.g. Ho or Tm) were smaller
than those doped with larger size ions (e.g. Ce or Sm).
Smaller radius ions seems to be more easily incorporated
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into the crystals than larger rare-earths. This occurs the
crystallinity becomes inferior to undoped crystals, be-
cause of the large ionic radii of the incorporated
rare-earth ions compared with that of the Al in the
chalcopyrite structure. On the other hand, the larger
rare-earths can scarcely be involved into the lattice, thus
resulting in relatively good crystallinity and larger size of
crystals.

The obtained Tb-doped CuAlS, crystals were color-
less, although undoped CuAlS, crystals are usually dark
blue or green in color. The Tb-doped crystals showed a
bright yellow emission at room temperature under the
Hg-lamp excitation. A typical PL spectrum, shown in
Fig. 1, consists of a yellow broad emission band peaked
at about 2.0 eV, and sharp emission lines at 2.278 eV and
2.532 eV.Y The sharp emission lines have been assigned
to the multiplet transitions from the common excited
state *D, to the ground states Fs and "Fs, respectively.
Another sharp line at 2.262 eV is located on the low-
energy side of the 2.278 eV-line at an energy separation
of about 200 cm ! and may be assigned to a phonon repli-
ca of the 2.278 eV-line, since the phonon energy of 216
cm ™! has been reported for CuAlS,;.? As for the broad
emission band around 2.0 eV, the time-resolved measure-
ments showed that the peak position of the yellow band
shifted towards lower energies with time, indicating that
this band results from the D-A pair recombination. A
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Fig. 1. PL spectrum of Tb-doped CuAlS,.
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PL-excitation (PLE) spectrum for the sharp line at 2.278
eV shows only a broad peak at about 3.43 eV which is
just below the absorption edge of CuAlS, host. No excita-
tion was observed at 3.26 eV which is supposed to be the
energy position of the excited state D; of the Tb*" ion.
Therefore, we may consider that the observed Tb-related
luminescence is not caused by the direct excitation of
Tb** center but by the energy transfer from the electronic
states related to the host material.

The Tm-doped CuAlS; crystals were blue in color. As
shown in Fig. 2, the PL spectrum under the 365 nm line
excitation consists of a broad emission band at 1.8 eV
and two sharp emission lines peaked at 1.55 eV (infrared)
and 2.60 eV (blue), originated from transitions between
the L-S coupling terms of Tm3* ion.® Both emission lines
show fine structures consisting of several sharp lines with
the half-width of about 15 cm™"'. They have been attribut-
ed to the crystal field splitting of the L-S coupling terms
of Tm’" involved in the emission process. From group
theory it is known that in a tetrahedral crystal field the
SHg ground term and the excited terms of °F, and 'G, sym-
metry split into several singlet, doublet and triplet states,
the doublet and triplet terms being further split by a
tetragonal component of the crystal field in the CuAlS;
host lattice. The spectral features of the sharp emissions
were found to be strongly dependent on the temperature,
the blue emission being strengthened and, to the contra-
ry, the infrared emission being quenched with the
decrease in the temperature. Since PLE spectra for the
Tm?3*-related two sharp emissions share the same excita-
tion band with a peak at 3.1 eV, it is evident that they are
originating from the same center. Taking into account
the spectral position of the Tm**-related blue and in-
frared emission lines, as well as that of the band of the ex-
citation spectra, we assigned the blue and infrared emis-
sions to 'G4—3Hg and F,—>H transitions in the 4f"
manifold of Tm** ion, respectively. However, since no
levels corresponding to the energy separation of 3.1eV
from the ground state can be found in the Dieke dia-
gram® for Tm’" ion, the origin of the 3.1 eV absorption
peak should be searched in the other valence states of Tm
ion such as a charge transfer state.

A typical PL spectrum from a Ho doped CuAlS; is
shown in Fig. 3. The spectrum consists of an orange
band and two sharp lines at 1.89 ¢V and 2.25 eV. Such
sharp emission lines were observed in electrolumines-
cence (EL) of Ho-doped ZnS” and were assigned to the f-
f transitions in Ho*". The sharp emission lines may be as-
signed to F;—°I; and °S,—°I; transition in the 4%
manifold of Ho*", respectively.

We have also made an attempt to dope CuAlS, with Ce
and Sm rare-earth ions, but we could not observe any
emissions which can be directly related to rare-earth ions
under excitation by either 365nm or 325nm
wavelengths. The Ce- and Sm-doped crystals have been
found to exhibit only the host related purple emission at
3.0 eV under the He-Cd laser excitation, the intensity of
this emission, however, being much higher as compared

T. OHGOH et al. 609

T I 1
CuAlSo: Tm
5 Ex:365nm
L 70K
>_
L
(7]
2
1]
[
Zz
-
o
]
1.0 2.0 3.0
PHOTON ENERGY (eV)
Fig. 2. PL spectrum of Tm-doped CuAlS,.
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Fig. 3. PL spectrum of Ho-doped CuAlS,.

with the undoped crystals. The last result have been tenta-
tively explained by the decrease in the concentration of
lattice defects, involved in quenching mechanism of the
purple emission, due to the substitution of these defects
by the rare-earths.

In conclusion, we have shown that the CuAlS, crystals
doped with Tb, Tm and Ho rare-earth elements exhibit
several sharp emission lines in the visible spectral region
originated from the internal f-f transitions, whereas
those doped with Ce and Sm ions in CuAlS; have not ex-
hibited any characteristic sharp emissions.
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