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LUMINESCENCE OF ZnGa, 0, AND ZnAl,O, SPINELS DOPED WITH Eu**

AND Th3* IONS

Spinel type mono-phase the ZnGa,0, and ZnAl,O, compounds doped with Eu** and Tb** ions
were obtained using two methods: solid phase reactions and deposition from chemical solutions. The
luminescent analysis of the materials shows that the rare earth ions are localised at the defect sites
(regions) of the crystallite (grain) boundaries. The emission spectra of the samples with europium
are characterized by an intense emission in red region due to the *D, — ’F , transitions of Eu’* ions,
whereas, in the case of terbium, the highest intensity corresponds to the green emission due to the 5D,
— 7F; transitions of Tb** ions. The intensities of the intra-shell emission of the Eu** and Tb** ions in
comparison with luminescence intensity of the chromium impurity traces (residual small amount of
the Cr** ions) show that the materials doped with transition metals are more promising for develop-
ment of phosphors based on oxide spinels than the materials doped with rare-earth elements.

INTRODUCTION

Semiconductors, doped with rare earth elements,
are considered to be perspective materials for op-
toelectronics and photonics due to the presence of
narrow emission spectral lines. Wide band gap semi-
conductors and dielectrics are more preferable for
doping, because the effects of thermal quenching of
the radiation are inversely proportional to the band
gap value [1]. Another advantage of the wide band
gap materials is their chemical stability and stability
of the physical characteristics in a large temperature
interval. Actually, the most widely used phosphors for
planar displays are sulfides. However, the chemical
reactions stimulated by the electronic beam leading
to the formation of a non-luminescent layer with the
deficiency of sulfur at the surface of the phosphor are
the important shortcomings of the sulfide phosphors.
These reactions considerably reduce the efficiency of
phosphors [2].

Besides, the reaction products, stimulated by elec-
tron beam, pollute electronic emitters. Many prob-
lems related to the degradation are avoided by using
of the oxide phosphors. Among them, the ZnGa,0,
compound is one of the best studied low voltage cath-
odoluminescent phosphors [3]. ZnAlLO, is another
compound, which recently has attracted considerable
interest for electroluminescent thin film displays and
opto-mechanical sensors [4-6]. It was reported about
the synthesis of bulk and nano-structured ZnAl,O,
using solid phase reactions of zinc and aluminium
oxides at temperatures higher than 800°C [7], or by
means of chemical reactions in solutions [8—10]. Sev-
eral papers have been dedicated to the investigations
of luminescence properties of ZnAl,O, [4, 11—-14]
and ZnGa,0, doped with rare earth elements [3, 16].
However, the quantitative analysis of the emitted in-
tensity, or a comparative analysis with the lumines-
cence intensity of other radiative centers are not pre-
sented in these works.

In this paper the luminescence caused by intra-
shell radiative transitions of Eu** u Tb3" ions intro-
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duced in ZnGa,0, and ZnAl,O, hosts is investigated.
The comparison of this luminescence intensity with
the emission intensity of the Cr3* ions existing in the
host lattices as traces of residual impurity is carried
out. The difficulties concerning the incorporation of
the big radius rare earth ions in the octahedral sites
of the oxide spinel hosts, that are not inherent in the
case of small radius transition metal impurities, are
revealed.

PREPARATION OF SAMPLES AND
EXPERIMENTAL TECHNIQUES

Undoped ZnGa,0, and ZnAl,O, compounds as
well as the ones, doped with Eu and Tb, were prepared
by means of two technological methods.

In the first process, the material has been obtained
using solid phase reactions method by mixing ZnO
(99.99%) and Ga,0, (99.99%), or ZnO (99.99%)
and Al,0, (99.99%) powders in 1:1 ratio, followed by
forming pellets under a press and sintering at 1200°C
during 16-18 hours. Doping with rare earth elements
was carried out by adding Eu,0, and Tb,0, powders
with concentration of (0.1— 2) %.

In the second process, the powders were obtained
using the chemical deposition method, that allows the
formation of ZnGa,0, and ZnAl,O, precipitates with
spinel structure at temperature less than 300°C. For
comparison, several samples simultaneously doped
with phosphor and rare earth elements were prepared.
The phase composition of the compounds was ana-
lyzed by EDX and XRD methods.

The luminescent properties of the obtained mate-
rials were studied at room temperature using different
spectral lines of a Spectra Physics 2017 Ar* laser for
optical excitation, SDL-1 double spectrometer (reso-
lution better than 1meV), PEU-106 photomultiplier
and a photon counting system.
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RESULTS AND DISCUSSION

The ZnGa,0, and ZnAl,O, materials with spinel
structure, belong to the space group O, with eight
formula units in the unit cell. Thirty two oxygen at-
oms occupy sites with C;, symmetry forming a closely
packed cubic lattice with 64 tetrahedral (T,) and 32
octahedral (D,,) cation sites, only 8 tetrahedral (8A)
and 16 octahedral (16B) of them being occupied by
cations. Both compounds under study, belong to nor-
mal spinels, where all Zn atoms occupy the tetrahedral
A sites, and atoms of Ga or Al occupy the octahedral
sites. At the same time, insignificant inversion of the
spinel structure, where a part of Ga or Al atoms may
occupy the tetrahedral A sites, is possible.

Thus, rare-earth ions, potentially, may occupy both
the tetrahedral and octahedral lattice sites. However,
it is known that in the II11—V and II1—-VI materials, due
to a large ion radius, the rare-earth elements hardly
occupy lattice sites with the tetrahedral coordination
[15], preferring the sites with a coordination number
greater than 6. Efficiency of the rare-earth ion occu-
pation of sites with the octahedral coordination in A"
B™MO, compounds with the spinel structure is studied
insufficiently.
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Fig. 1. PL spectra of ZnGa,0, powders doped with Eu
concentrations: 1 —0%;2 —1%; 3 —0.5%; 4 — 2%

Figure 1 shows the luminescence spectra of Zn-
Ga,0, with various concentrations of Eu doping im-
purity prepared from initial materials of high purity.
Let us note that the form of the samples spectra, ob-
tained by the method of solid phase reactions and by
the chemical method is practically identical.

The luminescence spectrum consists of emission
lines related to the *Dy—’F, intra-shell transitions (in
the range of 570-600 nm) and *D,—F, (in the range
of 600-630 nm) of Eu** ions as well as of the struc-
tured band in the range of 650-730 nm, corresponding
to emission, induced by residual chromium impurity.
The highest intensity of the luminescence, due to Eu
ions presence, is obtained at excitation by the 465.8
nm laser line (see Fig. 2, curve 1), which quantum
energy coincides with the energy of the ’F;,—°D, in-
tra-shell transitions of Eu’* ions, allowing their reso-
nance excitation. Appearance of the band, induced by

the residual chromium impurity in the luminescence
spectra, makes it possible to compare the efficiency of
the incorporation of Eu’* ions into the spinel struc-
ture with the respective efficiency of Cr** ions. Chro-
mium concentration in ZnGa,O, powders, prepared
from high purity materials is ~10 ppm.

" 4
v \
b ]
S 4} ¢ ! -
= ,
< ro
S i \
2 3 J
£ ! ,
'~ '
2F : J

@
= ! \
| : ]
o [ ! 1

t o,

4 .--..}.

4 ————

OF e = -9 - = -® " . .-
460 480 500

Excitation wavelength (nm)

Fig. 2. PL intensity dependence in the spectral region of 600—630

nm for ZnGa,O, powders doped with Eu (curve 1, squares) and in

the spectral region of 540—560 nm for ZnGa,0, powders doped
with Tb (curve 2, circles) upon the excitation laser wavelength

As one could see from Fig. 1, the intensity of the
luminescence due to the Eu doping impurity becomes
comparable with the intensity of the luminescence of
chromium impurity only at europium concentration
of 1 %, i.e., by three orders of magnitude higher than
the chromium concentration. This observation is a di-
rect evidence of inefficiency of Eu** ion incorporation
into the spinel lattice sites with a coordination num-
ber equal to 6.

Let us note that the Eu** ion radius is equal to 0.95
E and it is obviously greater than the radius of Ga’*
ions (0.62 E) practically coinciding with the radius of
trivalent Cr** ions (0.615 E). The assumption of low
efficiency of the rare-earth element ion incorporation
is also confirmed by the form of the luminescence
spectra in the region of the Eu’* intra-shell transi-
tions. Broad overlapping lines are observed instead of
narrow lines due to the Stark splitting. This form of
spectra is characteristic of amorphous materials and
glasses.

On the other hand, the form of the X-ray diffrac-
tion patterns, shown at Fig. 3 indicates the presence
of perfect crystallites with the spinel structure. The
average size of the crystallites in powders was deter-
mined by the Scherer formula [16]

d =(B,L,Kﬁcos 0,
0
where [ is the half-width of the diffraction peak in ra-
dians, 3, corresponds to the instrumental broadening,
K = 180/=, A is the X-ray wavelength, O is the Bragg
diffraction angle. The average crystallite size deter-
mined by the given formula is 20 nm. Discrepancy be-
tween the broad lines of the luminescence spectra and
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the X-ray analysis data is explained by the presence
on the crystallite boundaries of regions with defect
structure close to the amorphous one. The Eu impu-
rity penetrates in these defect boundary regions (being
practically not incorporated into the volume of crys-
tallites with perfect spinel structure); this determines
the form of the luminescence spectra.
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Fig. 3. XRD patterns for ZnGa,O, (1) and ZnAl,O, (2) compoun-
ds

As it was mentioned above, big rare-earth ions are
incorporated more easily into places with high coor-
dination number. Such a compound is EuPO,, as it
easily crystallizes in a monazite structure at the syn-
thesis temperatures above 600°C. In the monoclinic
monazite structure P2,/n the coordination number
for Eu ions is equal to 9. Taking this into account, we
have prepared ZnGa,O, samples with Eu concentra-
tion of 1% being simultaneously doped with various
phosphor concentrations and we have measured the
luminescence spectra depending on phosphor con-
centration.
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Fig. 4. PL spectra of ZnGa,0, powders doped with 1% wt
concentration of Eu (1) and with addition of 0.3% wt (2) and 2%
wt (3) phosphor impurity

As one could see from Fig. 4, additional narrow
peaks appear in the luminescence spectrum instead
of broad bands when concentrations of phosphorus
and europium are comparable. The luminescence
spectrum completely coincides with the known spec-
trum of EuPO, compound when the phosphor con-
centration is equal to or is higher than the europium
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concentration [17]. This experiment is an additional
confirmation of the fact that for big Eu’* ions it is
easier to be incorporated into the lattice sites with
a high coordination number forming a new EuPO,
compound, than to penetrate into amorphous regions
on the boundaries of ZnGa,0, crystallite grains. The
probability of their implantation directly into the spi-
nel structure of the crystalline grains is even lower.
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Fig. 5. PL spectra of ZnGa,0, powders doped with 1% wt Eu con-
centration prepared from high purity components before (1) and
after annealing at 500°C (2) and 700°C (3)

Figure 5 shows the annealing influence on spectra
of ZnGa,0, samples doped with Eu’* ions prepared of
high purity materials. The luminescence spectrum of
the non-annealed sample consists of a broad band de-
termined, apparently, by the crystal structure defects,
whereupon narrow bands corresponding to the intra-
shell transitions of Eu** ions impose.

Let us note, that in the given case, in the wave-
length range of 650-730 nm, only a weak band due to
the transitions SD,—’F, of Eu’* ions is observed and
the band due to presence of Cr** ions is not found
because of extremely low concentration of residual
chromium (1 ppm). As the annealing temperature in-
creases above 500°C the broad band luminescence is
quenched. This may be explained by annealing of the
defects.

At the same time, the activation of Eu impurity
takes place and spectral lines inherent to Cr** ions ap-
pear due to diffusion of the chromium impurity dur-
ing annealing.

Similar behavior of the rare-earth ions is observed
in the case of ZnGa,0, doped with terbium.

As one could see from Fig 6, where the lumines-
cence spectra of ZnGa,0, doped with Eu and Tb are
compared, in the sample with terbium, the overlap-
ping of Stark lines takes place, and the luminescence
from Tb** ions is comparable to the intensity of the
luminescence due to the residual Cr impurity, while
its concentration being less by three orders of mag-
nitude.

The highest intensity of the luminescence due to
Tb is obtained at excitation by 488 nm line (see Fig.
2, curve 2), its quantum energy coinciding with the
energy of the intra-shell transitions ’F,—°D, of Tb**



ions allowing resonance excitation of these ions. The
emission is due to the transitions *D,—"F, ; ;5.
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Fig. 6. PL spectra of ZnGa,0, powders doped with 2% wt Eu (1)
and Tb (2)
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Fig. 7. PL spectra of ZnGa,0, (1) and ZnAl,O, (2) powders doped
with 0.5 % wt Eu

Let us note that the behavior of the rare-earth ions
in ZnAl,O, is analogous to their behavior in ZnGa,0,.
As it follows from Fig. 7, the bands of the intra-shell
luminescence of rare-earth ions are identical for ZnA-
1,O,:Eu and ZnGa,0,:Eu compounds. This confirms
that ions of Eu and Tb penetrate into amorphous re-
gions on the grain boundaries.

Otherwise, the spectra must differ, since crystal
fields are different for different materials. The latter
statement is well illustrated by analysis of the lumi-
nescence due to Cr impurity. As one could see from
Fig. 7, in the range of 650-730 nm, the forms of the
luminescence spectra of ZnAl,O,and ZnGa,0,com-
pounds are completely different.

Thus, in contrast to Eu ions, Cr ions are easily
incorporated into the spinel crystal structure of the
grains due to nearly the same value of ion radii of Ga
and Cr, determining the luminescence intensity being
incomparably higher than in the case of the intra-shell
luminescence of Eu ions.

CONCLUSIONS

1. The results of this work reveal the difficulties of
the incorporation of the rare earth ions in the octahe-
dral sites of the oxide spinel crystalline lattices. These
difficulties are caused by the large radius of the RE
ions, that prefer to be located in the sites with coordi-
nation number bigger than six.

2. The luminescent spectra analysis registered for
ZnAl,O, and ZnGa,0, , doped with europium and
terbium from the one side and containing a residual
Cr impurity on the other side has shown that in com-
parison with rare earth elements the transition metal
ions are much more efficient for using as activating
impurity of phosphors based on spinel type materials.
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JIOMUHECHEHIIWA INIUHEIEN ZnGa,0, AND ZnAlLO, JETUPOBAHHBIX NOHAMMY Eu’* U Th3*

Metonom TBeproda3HbIX peakuii U OCAXACHUEM U3 XMMUYECKUX PACTBOPOB U3TOTOBJIEHBI MOPOLIKY OAHO(A3HBIX COeTMHEHUI
CO CTPYKTYpOI IIMUHENN JierupoBaHHble noHaMu Eu’* u Tb3". Ha ocHOBe JIIOMMHECLIEHTHOTO aHa/IM3a MaTeprajioB cleJaH BbIBOL
0 npeobaaolleM BHEAPEHUHU UOHOB PEKO3EMENIbHbBIX 2JIEMEHTOB B e(pekTHbIE 001acTH, 00pa3oBaHHbIE HA TPaHULAX KPUCTAT-
nnyeckux 3epeH. CHeKTphbl JIOMMHECLIEHIIMM 00pa31oB ¢ MPUMEChIO eBPOMUST XapaKTepr3yIOTCsl HaubOoIblIe MHTEHCUBHOCTBIO B
KpacHoii obnactu 3a c4et nepexonos D, — 'F, , nonos Eu’*, Torma xak B cilyyae puMecH TepOousi HauboJIbIIasd MHTEHCUBHOCTD
COOTBETCTBYET 3€JIEHOMY CBEUEHMUI0, 3a cueT nepexonos D, — "F; nonos Tb**. Pe3ynbraTel aHain3a MUHTEHCUBHOCTU BHYTPULIEHT-
PpoBo¥i oMuHecueHUY MoHOB Eu** u Tb** B cpaBHEHMM C MHTEHCUBHOCTBIO JIIOMUHECLEHLIMU, BbI3BAHHON OCTaTOYHOM MPUMECHIO
xpoma (1oHOB Cr*'), CBUAETEIBCTBYET O TOM, YTO OOJIBIIYIO TIEPCITEKTUBHOCTH ISl pa3paboTKK JIIOMUHO(OPOB HA OCHOBE OKCUIHBIX
LIMHUHENIe UMEIOT MaTepralbl, JETMPOBaHHbIE MEPEXOIHBIMU METAJIAMU, [0 CPABHEHUIO C PEAKO3EMEbHBIMU 3JIEMEHTAMMU.
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JIIOMIHECIIEHIIIA IITITHEJENA ZnGa,0, 1 ZnAl,0,, JETOBAHIUX IOHAMM Eu* 1 Th**

MeronoM TBepaodaszHuX peakiil i ocamkKyBaHHSIM XiMiYHUX PO3YMHIB BUTOTOBJIEHI MOPOIIKY ofiHO(Da3HuX criosyyeHb ZnGa,0,
and ZnAl,O, 3 cTpyKTyporo mimiHeti, Jeropannx ionamu Eu3+ u Tb3+. Ha ocHOBIi MOMiHECIIEHTHOTO aHaTi3y MaTepiatiB 3po0IeHO
BUCHOBOK ITIpO NepeBaBaKHe BIPOBAMIKEHHS i0HIB pilKO3eMeJbHUX €JIEMEHTIB B 1e(eKTHi 00J1acTi, CTBOPEHi Ha KOpJOHAX KpuC-
TamiyHMX 3epeH. CIeKTpH JIIOMiHECIUEHIIIi 3pa3KiB 3 TOMIIIKaMU €BPOITiS BiI3HAYAIOTHCS HANOUIBIIO iHTECHCUBHICTIO Y Y€PBOHIM
obGnacri 3a paxyHok nepexoniB °D, — F; ioniB Tb**. BucHOBKM aHa1i3y iHTEHCHMBHOCTI BHYTpiLIEHTPOBOI JIlOMiHecUeH LT MoHiB Eu**
i Tb*"y mopiBHSIHHI 3 iIHTEHCUBHICTIO JTIOMiHECIIeHIIii, BUKIIMKAHWI OCTATOYHUMU JoMillikamMu XxpoMy (ioHiB Cr**), cBimuats mpo Te,
110 BEJIMKY MEePCIEKTUBHICTD 7151 PO3POOKHM JTIOMiHOMOPIiB Ha OCHOBI OKCUIHMX IIITiHEJIel MaloTh MaTepiaiu, JIeroBaHi mepexiTHUMU
MaTepiajlaMu, 10 3piBHSIHHIO 3 PiIKO3eMeJbHUMU eJIeMEHTaMU.
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