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Cathodoluminescent (CL) powders of zinc aluminate activated with samarium ions have been prepared by
a co-precipitation chemical process. Different doping concentrations in the start mixture and sintering
temperatures for the precipitated powder were studied. It was observed that the crystalline characteristics
of the powders depend upon the sintering temperature. For temperatures higher than 450 °C, the powders
presented the cubic spinel phase with a lattice parameter value of 8.0756 A, and grain sizes from 50 to
100 nm with semispherical shape. The CL emission spectra showed broad bands localized at 564, 602,
644, and 703 nm associated with ‘G, — °Hy,, ‘G,, = °H,,, ‘Gy, = °H,,, and ‘G, - °H,,, transitions
in the Sm™ ions, respectively. Concentration quenching of the cathodoluminescence occurred at about
4.26 at% of the activator (Sm) concentration inside the sintered powders.
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1 Introduction

Zinc aluminate (ZnAlLO,)is a well-known wide bandgap semiconductor with a spinel structure [1, 2] and
an optical bandgap of 3.8 eV (i.e., transparent for light wavelengths greater than 320 nm). Thus, it can be
used in ultraviolet photoelectronics devices and when doped with rare-earth optical activators it can be
used as luminescent material. Cathodoluminescent (CL) materials are widely used in modern cathode-ray
tube (CRT)-based displays. ZnAl,O, spinel has also been used in many catalytic reactions, such as crack-
ing, dehydration of saturated alcohols to olefins [3], preparation of polymethylbenzenes, methanol and
higher alcohol synthesis [4], and also as a support for alkane dehydrogenation catalysis [5, 6].

The preparation of nanocrystalline materials from solution-based chemical approaches is expected to
achieve: (a) chemically homogeneous and phase-pure specimens, (b) low crystallization and sintering
temperatures of the materials, and (c) narrow-sized distribution of particles. Various mixed oxides with a
single phase and controlled particle size and morphology can be synthesized by co-precipitation chemi-
cal techniques and reaction sintering [7—10]. This paper reports the CL characteristics of samarium-
doped ZnAlL O, nanostructured powders, prepared by a co-precipitation chemical technique and sintered
at low temperatures. The behavior of the CL spectra was studied as a function of the sintering tempera-
ture, the activator concentration, and the electron-accelerating potential. In addition, nanostructured grain
sizes [11] and the crystalline structure of the powders as a function of the sintering temperatures were
reported.

" Corresponding author: e-mail: oaf@servidor.unam.mx

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



PSS

phys. stat. sol. (a) 202, No. 1 (2005) / www.pss-a.com 103

2 Experimental process

The co-precipitation technique [12] was used for powder synthesis of zinc aluminate spinel powder
doped with samarium. The start materials were: zinc acetate (Zn(CH,;COO), - 2H,0, Aldrich Chemical
Co.) and aluminum chloride hexahydrate (AICI; - 6H,O, Aldrich Chemical Co.) at 0.05 M blended with
ethanol. Doping with samarium was achieved by adding SmCl, - 6H,O (Aldrich Chemical Co.) in the
range 0—16 at% (a/o) in relation to the zinc content in the mixture. The initial mixture was heat treated at
260 °C with continuous stirring for 4 h to evaporate the solvent. The precipitated agglomerates were
crushed in an agate mortar to obtain a fine powder. The powders were annealed in air at low tempera-
tures (7,) in a preheated laboratory quartz tube furnace coupled with a temperature controller (0.5 °C)
in the range 450-750 °C for 120 min, in increments of 100 °C.

The crystalline structure of the powders was analyzed by X-ray diffraction (XRD) using a Bruker
AXS-D8 Plus Diffractometer with CuKo radiation at 1.5405 A. Particle size and shape measurements
were performed by atomic force microscopy (AFM), using a Jeol JSPM-421 in AC mode with silicon canti-
lever CSC15/25 Ultrasharp. Chemical composition was determined by energy dispersive spectroscopy
(EDS) using an Oxford Pentafet with a beryllium window X-ray detector. Cathodoluminescent measure-
ments were performed in a stainless steel vacuum chamber with a cold cathode electron gun (Luminoscope,
model ELM-2; MCA, Relion Co.). Samples were placed inside the vacuum chamber and evacuated to
107 Torr. The electron gun was deflected at 90° to bombard the luminescent material perpendicular to the
surface. The emitted light from the sample was coupled into an optical fiber bundle leading to a Perkin—
Elmer LS50B fluorescence spectrophotometer. All CL spectra were obtained at room temperature. The
accelerating voltage of the electron beam, used in the measurements reported, was in the range from 2 to
12kV and the applied current was kept constant at 0.05 mA. The spot size of the electron beam on the
sample surface was approximately 3 mm in diameter, which implies a current density of about 70 pA/cm?

3 Results and discussion

The crystallographic structure in the as-grown and annealed powders was established by the powder
XRD technique (Fig. 1). The as-grown product was amorphous and formed by agglomerate powder.
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Fig.2 AFM images of surface morphology of
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(c) 750 °C annealed powders (grain size 90— 100 nm).

0.00 nm

Whereas the samples have been sintered at 450—750 °C is was shown that ZnAl,O,-gahnite is the only
crystalline phase present (ICCD Card File No. 5-669) [13]. The diffraction peaks in the samples annealed
at temperatures above 550 °C show sharper profiles due to the recrystallization-ordering process and
grain growth. The calculated lattice parameter: a = 8.0756 A, for cubic spinel phase in the sample an-
nealed at 750 °C, is in good agreement with the reported value: a = 8.0848 A [13]. The determination of
the crystallite size from the line-shape analysis of the diffraction peaks shows a variation from about
20 nm to 50 nm for the annealed samples. The effect of the peak broadening, due to the nanometric crys-
tallites, is evident when comparing the (220) diffraction peak of the samples sintered from 450 to
750 °C (inset in Fig. 1).

The particle shape of the sintered powders was analyzed by recording AFM images of the same sam-
ples. As-precipitated powders (without grinding) consisted of agglomerates of lengths from 600 to
800 nm and diameters from 200 to 400 nm, as shown in Fig. 2(a). While the sintered powders consisted
of agglomerates of semispherical particles, comprised of tiny nanocrystallites, the AFM images show
crystallites of nearly uniform size of about 50—60 nm (see Fig. 2(b)) for the powder annealed at 450 °C,
which grew on further heat treatment (at 750 °C) up to 90—100 nm (see Fig. 2(c)).

The EDS measurements performed on powders sintered at 750 °C with samarium concentration in the
precursor mixture of 2, 4, 6, 8, and 16 at% indicated that approximately 25% of this material remained in
the sintered powder (0.33, 0.85, 1.53, 2.23, and 4.26 at%, respectively). The CL emission spectra of
ZnAl,O,:Sm powders, as a function of the doping concentration, are shown in Fig. 3. These spectra
exhibit three dominant bands centered at 564 nm, 602 nm, and 644 nm and a weak emission in the region

© 2005 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



PSS

phys. stat. sol. (a) 202, No. 1 (2005) / www.pss-a.com 105
460.0 . . .
Accelerating Voltage Doping Concentration at% Fig.3 Doping concentration dependence on
| 12 kv-0.05 mA ‘G—"°H a) 0.00 the CL emission intensity of ZnAlLQO,:Sm™
T,=750"C 602 b) 0.33 powders. T, =750 °C, V=12 kV, I = 0.05 mA.
—~ 440,04 nm ) 0.85
=}
s
2
‘© 420.0
C
]
IS
o
2 400.0
<
o
_|
O
380.0
T T T T T T T
400 500 600 700 800

Wavelength (nm)

of 703 nm, which correspond to transitions between the ‘G, and the °Hs,, °H,,,, °H,), and °H,,, electronic
energy levels of the Sm*" ions, respectively [14]. The strongest emission occurs at 602 nm. In fact, as the
Sm concentration increases the CL signal increases but at the concentration of 4.26 a quenching effect is
observed. In the case of rare-earth optical activators, the optimal activator concentration occurs at differ-
ent values for different types of excitation [15]. In order to CL, the impurities adsorbed at the surface of
luminescent materials, as well as surface defects often become quenchers and may, by quenching the
emission near the surface, produce a dead-voltage layer. However, migration of excitation by resonant
energy transfer between rare-earth activators can be so efficient that it may carry the energy to a distant
ion-killer existing at the surface of the luminescent material. Aggregation of doping activators at high
concentrations may change some activators to quenchers and induce a related concentration quenching
effect [16]. Other effects relative to quenching of CL are: thermal quenching due to local heating by
energetic electrons of the CL electron beam on the luminescent surface material; by saturation of lumi-
nescent centers, where the majority of centers are already in an excited state, leaving an insufficient
quantity of available centers in the ground state free to accept energy from the excited carriers [16, 17]
and due to the Auger effect, which produce ejection of electrons leaving the luminescent center de-
excited [18]. Furthermore, it is known that many cross-relaxation processes involving the ‘Gs), to °F;
relaxation at the donor and °Hs,, to 'F, transitions at the acceptor (J = 5/2, 7/2, 9/2, and 11/2) can be
involved in quenching the luminescence of Sm**-doped materials, as reported by Luxbacher et al. [19].
As the concentration of Sm increases from 0.33 to 4.26%, the Sm**—Sm®" interactions are no longer neg-
ligible and quenching of the emission probably occurs due to cross-relaxation processes between
neighboring Sm*" ions, in a similar way as occurs in Y,0,:Sm™ nanocrystals, recently reported by
Vetrone et al. [20]. As can be seen in Fig. 3, the maximum intensity emission is obtained for 2.23 at% of
Sm ions incorporated into the sintered powders. Higher or lower Sm concentration resulted in less in-
tense CL emissions.

It is commonly accepted that the magnetic dipole (md)-allowed transitions obey the selection
rule AJ = 0, +1. Then the transition ‘G, — °Hs,, according to the first condition (AJ = 0), is an (md) in
nature whose intensity remains without changing with the host matrix. The next transition ‘Gs, — °H,,
(AJ = %1) is also an (md)-allowed one but, furthermore, it is electric dipole (ed) dominated. After this, it
is partly an (md) and also partly an (ed) natured one. The transition “Gs, — °H,,, is purely an (ed) one
which is sensitive to the crystal field [21, 22]. Usually, the intensity ratio of (ed) to (md) transitions is
used to measure the symmetry of the local environment of the trivalent 4f ions. The greater the intensity
of (ed) transition, the more the asymmetry nature [21]. In this study, ‘G, — °Hy, (ed) transition in the
electronic levels of Sm ions is more intense than *Gs, — °Hs;, (md) transition indicating the asymmetric
nature of the zinc aluminate host.
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Figure 4 shows the CL emission intensity behavior as a function of Ta for the 2.23 at% of Sm incorpo-
rated into the powders. The CL emission rises with increasing sintering temperature, suggesting that
crystallite growth and reduction of structural defects in the powders favor radiative recombination
mechanisms. Probably the reduction of chlorine and residual impurities left in the crystallized samples
produce a better incorporation and distribution of Sm ions as an atomic impurity in the host lattice,
which will result in an increase of the CL emissions as the sintering temperature is increased.

The dependence of the CL spectra measured under steady-state excitation on accelerating beam volt-
ages in the range from 2 to 12 kV is shown in Fig. 5. The observed emission spectra shape remains unaf-
fected by the accelerating voltage, which consists of four broad bands characteristic for the trivalent
samarium ions. The overall emission intensity, however, is larger for higher electron-accelerating voltage
showing no saturation effect in the voltage range studied. In principle, the incident electron beam reaches
and penetrates the luminescent powders to generate secondary electrons and electron—hole pairs, which
excite the activator ions in the host lattice and so generate CL emissions. As the electron accelerating
voltage increases, the penetrating electrons produce more electron—hole pairs due to the interaction with
a larger volume of the luminescent material and due to the higher generation rate of every incident elec-
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tron, resulting in much more intense activator luminescence because of the recombination of the elec-
tron—hole pairs. In addition, CL generation is complex due to the cascade nature of de-excitation, e.g.,
generated X-rays can provide a secondary means of CL production, known as roentgenoluminescence.
Also, the production of secondary electrons is important to the CL-generation process, and they are gen-
erated along the entire zigzag path of energy dissipation, which may be many microns in length [23].

Finally, to the best of our knowledge, there are no reported studies on the synthesis, characterization,
and luminescent properties of samarium-doped zinc aluminate nanostructured powders.

4 Conclusions

The cathodoluminescence and structural properties of nanostructured ZnAl,O,:Sm?*" powders, synthe-
sized using a co-precipitation low cost process, have been studied. The evolution of the crystalline struc-
ture and cathodoluminescent emission of these powders are strongly dependent on the sintering tempera-
ture. The powder particles were semi-spherical in shape with a grain size range of 50-60 nm for the
powders annealed at 450 °C and of 90— 100 nm for higher temperatures (750 °C). The crystallinity of the
powders evolves into a well-defined cubic spinel structure phase with the lattice parameter a = 8.0756 A
as T, is increased.

The cathodoluminescent spectra exhibited emission peaks associated with the electronic level transi-
tion of the Sm** ions, and its intensity rises as the sintered temperature increases. The optimal emission
intensity was obtained with 8 at% of Sm®" concentration doping in the initial mixture (2.23 at% inside
the powders as measured by EDS). A concentration quenching was observed at high doping values. The
red emission is the strongest and corresponds to the transition (*Gs,—> °Hj,,) localized at 602 nm.
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