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Abstract Er and Yb co-doped ZnAl2O4 phosphors were
prepared by solution combustion synthesis and the identi-
fication of Er and Yb were done by energy-dispersive X-ray
analysis (EDX) studies. A luminescence at 1.5 µm, due to
the 4I13/2 → 4I15/2 transition, has been studied in the NIR
region in Er and Yb co-doped ZnAl2O4 phosphors upon
980 nm CW pumping. Er-doped ZnAl2O4 exhibits two ther-
mally stimulated luminescence (TSL) peaks around 174°C
and 483°C, while Yb co-doped ZnAl2O4 exhibits TSL peaks
around 170°C and 423°C. Electron spin resonance (ESR)
studies were carried out to identify defect centres responsi-
ble for TSL peaks observed in the phosphors. Room tem-
perature ESR spectrum appears to be a superposition of two
distinct centres. These centres are assigned to an O− ion and
F+ centre. O− ion appears to correlate with the 174°C TSL
peak and F+ centre appears to relate with the high tempera-
ture TSL peak at 483°C in ZnAl2O4:Er phosphor.
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1 Introduction

Zinc aluminate spinel (ZnAl2O4) is a well-known wide-
band gap semiconductor (Eg = 3.8 eV) material having high
thermal stability, high mechanical resistance, low surface
acidity and due to these properties it has been widely used as
opto-mechanical, catalyst, ceramic, anti-thermal coating in
aero-space vehicles and electro-conductive materials [1–5].
Zinc aluminate spinel also has UV opto-electronic applica-
tions [6, 7].

It is well known that rare-earth doped inorganic materials
exhibit a variety of point defects stabilised due to the charge
imbalance/self-irradiation and they play an important role
in luminescence properties [8–10]. In recent years several
types of localised excitons are identified and their decay into
electron and hole centres are found [11–14]. The trapping
centres or defect properties of a potential laser material and
for the after glow of inorganic phosphors are very important,
since the optical performance is usually significantly influ-
enced by the defect centres. The origin of the centres, cre-
ated at the decay of the self-trapped and localised exciton
states and the defect-related states, is studied by using the
techniques of electron spin resonance (ESR) and thermally
stimulated luminescence (TSL) [15–18]. The defects cre-
ated by ionising radiation are studied by several researchers
[19–23]. Recently we have reported the TSL and ESR stud-
ies on the rare-earth doped inorganic phosphors, wherein the
nature of the defects formed on irradiation in these phos-
phors and their role in the thermally stimulated relaxation
processes leading to TSL are presented [24–26].

Recently, the near-infrared (NIR) luminescence from
lanthanide-doped materials are gaining increasing interest
due to their potential applications. Among lanthanides, NIR
luminescence from Er3+ ions proves very useful when em-
ployed in telecommunication network optical signal ampli-
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fiers [27–29]. In general, luminescence from Er-doped semi-
conductors suffers from its low emission intensity at room
temperature and thus their application to light-emitting de-
vices seems to be difficult. It is well known that Yb3+ acts as
a sensitiser of Er3+ emission and several papers regarding Er
and Yb co-doped phosphors have been published [30–34].
In the present investigation we have also used Yb as a co-
dopant. Due to the wide-band gap and spinel structure of
ZnAl2O4, it is possible to incorporate a large variety of rare-
earth and transition metal ions as dopants. There is no report
on the visible and near-infrared luminescence of Er and Yb
co-doped ZnAl2O4 phosphor as far as we know. Also there
is no report on the identification of the radiation-induced
radicals/defect centres formed on irradiation and the subse-
quent electron–hole recombination reactions resulting in the
glow peaks on this sample. In the present study, we have car-
ried out TSL and ESR investigations on gamma irradiated
Er and Yb co-doped ZnAl2O4 phosphors. The nature of the
defects formed on gamma irradiation in these phosphors and
their role in thermally stimulated relaxation processes have
been investigated. Luminescence studies have shown that
the Er3+ and Yb3+ centres act as a luminescent centres.

2 Experimental details

Two phosphors according to the chemical formula
ZnAl2O4:Er (0.02 mol%) and ZnAl2O4:Er, Yb (0.02,
0.05 mol%) were prepared by using the solution combus-
tion method. Stoichiometric amounts of nitrates of zinc,
aluminium, erbium and ytterbium were thoroughly mixed
with urea. The nitrate to urea ratios were determined on the
basis of total oxidising (O) and reduction (F ) valencies of
the components so that the equivalence ratio Øe is unity (i.e.
O/F = 1) and the energy released by the combustion is at
a maximum [35]. The starting materials were mixed in a
minimum volume of deionised water in a pyrex dish of ap-
proximately 200 ml capacity and the solution was rapidly
heated in a muffle furnace which was preheated to 500°C.
Within minutes the solution foamed and a flame was pro-
duced which lasted for several seconds. The pyrex dish was
immediately removed from the furnace. The resultant fluffy
mass was ground crushed into powder and the resulting fine
powder was used for characterisation. The formation of Er
and Yb co-doped ZnAl2O4 phosphors was confirmed by
comparing the X-ray diffraction (XRD) diffractograms with
the standard data (JCPDS file No. 82-1043).

The powders were taken in an adhesive tape fixed onto
a stub for electron microscopic evaluation. As they are
non-conductive, the powders were coated with graphite and
chemical compositions were analysed using the EDX at-
tached to the SEM (S-3400, Hitachi, Japan).

The IR photoluminescence emission spectrum was stud-
ied using a Jobin-Yvon HR 460 monochromator with a

900 grooves/mm grating coupled to a Triax 320 multichan-
nel CCD detection set-up for infrared measurements. Sam-
ples were pumped using a CW diode laser from BW TEK
operating at 980 nm and delivering a power ranging from 0
to 1 W. All optical measurements were performed at room
temperature.

A 60Co gamma source was used for the irradiation of
samples. TSL experiments were carried out on a Daybreak
1100 series automated TSL reader system with a heating
rate of 5°C/s in a nitrogen atmosphere. A Bruker EMX ESR
spectrometer operating at X-band frequency with 100 kHz
modulation frequency was utilised for ESR experiments.
Diphenyl Picryl Hydrazyl (DPPH) was used for calibrating
the g-values of the defect centres. Temperature dependence
of the ESR spectra was studied using a Bruker B VT 2000
variable temperature accessory.

3 Results and discussion

3.1 EDX study

To confirm the presence of Er and Yb in ZnAl2O4, energy-
dispersive X-ray (EDX) analyses were conducted on these
phosphors and are shown in Figs. 1 and 2. The samples were
imaged using Back Scattered Electron detection mode and
entire area of the micrographs (BSE) was analysed for EDX
mapping and spectrum. The peaks in the spectra reveal the
presence of Er, Zn, Al, O in Er-doped ZnAl2O4 (Fig. 1a) and
Er, Yb, Zn, Al, O in Yb co-doped ZnAl2O4:Er (Fig. 1b), re-
spectively. The chemical composition ratio derived from the
EDX spectra was found to be very close to the nominal com-
position values ZnAl2O4:Er0.02 and ZnAl2O4:Er0.02Yb0.05.
EDX mapping of as-prepared Er and Yb co-doped ZnAl2O4

powders are presented in Fig. 2. Figure 2a shows the ele-
mental mapping of Er, Zn, Al, O for Er-doped ZnAl2O4

and the mapping of Er, Yb, Zn, Al, O for Yb co-doped
ZnAl2O4:Er is shown in Fig. 2b. These mappings show
homogeneous distribution of each element in the phos-
phors. Further, in order to know the distribution of Er in
ZnAl2O4:Er and Er and Yb in ZnAl2O4:Er, Yb the over-
lapping of BSE and EDX mapping for Er and Er, Yb are
shown in Fig. 2b, BSE + Er and Fig. 2b, BSE + Er + Yb, re-
spectively. It is clear from these micrographs that the dopant
ions are well dispersed. This result of EDX shows that low
temperature combustion method is quite effective in order
to incorporate Er and Yb in ZnAl2O4 host, even with low
doping concentration. Recently, it has been reported that a
homogeneous Er3+ ion distribution in a host matrix is es-
sential in order to achieve an efficient amplification [36]. In
the present phosphors, it is observed that the dopants are
well dispersed in the ZnAl2O4 matrix.
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Fig. 1 EDX spectrum of as-synthesised (a) ZnAl2O4:Er and (b) ZnAl2O4:Er, Yb phosphor

3.2 NIR luminescence of ZnAl2O4:Er3+ phosphor
co-doped with Yb3+

Figure 3 shows the photoluminescence spectra in the in-
frared region of Er and Yb co-doped ZnAl2O4 phosphors
at room temperature. The broad band extending from 1.45
to 1.65 µm and centred at 1.5 µm is attributed to 4I13/2 →
4I15/2 transition of Er3+ ion upon 980 nm CW excitation at
different pump power values. It is observed that the addi-
tion of Yb3+ in ZnAl2O4:Er phosphor enhances the inten-
sity of the emission band by more than 10 times (Fig 3b).
The reason for the use of co-doped ZnAl2O4 phosphors is

essentially to take advantage of the fact that Yb3+ acts as a
sensitiser for Er3+. Further, high concentration of Er3+ ions
is required for sufficient amplification, but Er3+ ions tend
to cluster even at moderate concentrations. To circumvent
this problem, co-doping with Yb3+ ions is normally used.
In addition the 2F7/2 → 2F5/2 transition of Yb3+ exhibits a
strong cross section around 0.98 µm, which enhances con-
siderably the pumping efficiency. The 2F7/2 level of Yb3+
is in close proximity to the 4I11/2 level of Er3+ promoting
an efficient energy transfer between Yb3+ and Er3+. The
use of Yb3+ and Er3+ co-doped systems takes advantage of
the existence of a suitable absorption band for the pumping
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Fig. 2 EDX mapping of (a) ZnAl2O4:Er and (b) ZnAl2O4:Er, Yb phosphor

source as well as an efficient Yb3+ → Er3+ energy trans-
fer, a mechanism which is known for a long time. We have
also examined the intensity variation of 1.5 µm emission as
a function of the laser intensity. The emission intensity as a
function of laser intensity shows a linear behaviour in the in-
vestigated range. It should be noted that the full width at half
maximum (FWHM) of the 4I13/2 → 4I15/2 transition for the
Er and Yb co-doped ZnAl2O4 phosphors is about 67 nm.
Such a broad emission band is desirable for optical amplifi-
cation [37]. It is seen from the present results that co-doping
enhances significantly the luminescence intensity.

3.3 TSL and ESR of ZnAl2O4:Er3+ phosphor co-doped
with Yb3+

Prior to gamma irradiation no glow peaks were observed in
Er and Yb co-doped ZnAl2O4 phosphors. However, upon
gamma irradiation to a dose of 100 Gy, ZnAl2O4:Er3+ ex-

hibits TSL peaks around 174°C and 483°C (Fig. 4a) while
Yb co-doped ZnAl2O4:Er exhibits TSL peaks around 170°C
and 423°C (Fig. 4b). The glow curves for the samples were
obtained at a heating rate of 5°C/s. High temperature peaks
were found to be more intense in both the phosphors. It is to
be noted that the addition of Yb3+ in ZnAl2O4:Er phosphor
enhances the intensity of TSL peaks and also it is observed
that the TSL peaks are shifting towards low temperatures.
It has been possible to achieve an efficient resonant energy
transfer with Yb3+ co-doping in ZnAl2O4 phosphor.

Figure 5a shows the ESR spectrum at room temperature
after gamma irradiation (dose: 5000 Gy) of ZnAl2O4:Er
phosphor. The observed spectrum appears to be superpo-
sition of at least two distinct centres. This inference is based
on thermal annealing experiments. It was possible to iden-
tify two centres and these are labelled in Fig. 5a. The ESR
line labelled as Centre I is due to a centre characterised by
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Fig. 3 NIR luminescence of (a) ZnAl2O4:Er and (b) ZnAl2O4:Er, Yb
under CW excitation at λexi = 980 nm, recorded for different pump
excitation power values

a single broad ESR line with an isotropic g-value equal to
2.0003 and 23 gauss linewidth. Not many defect centres are
expected to be formed in a system like ZnAl2O4 and the
most probable centres which can be observed are the F+
centres (an electron trapped at an anion vacancy) and O−
ions ( a positive hole localised on O2− ion neighbouring a
cation vacancy).

ESR spectrum of the Er3+-doped ZnAl2O4 exhibits a
large linewidth of Centre I indicating an unresolved hy-
perfine structure. The interaction of the unpaired electron
with nearby nuclear spins gives rise to unresolved hyperfine
structure. In ZnAl2O4:Er phosphor, aluminium as well as
zinc have isotopes with nuclear spin 5/2: 27Al and 67Zn.
27Al is much more abundant (100%) than 67Zn (4.11%)
and its nuclear magnetic moment is higher (3.6385) than
that of 67Zn (0.8753) [38]. As aluminium is more abundant,
it is very likely that the electronic spin will be interacting
with aluminium nuclei. It is known that the cation disorder
and non-stoichiometry of aluminates like ZnAl2O4 provide

Fig. 4 TSL glow curves of (a) ZnAl2O4:Er and (b) ZnAl2O4:Er, Yb
(test gamma dose: 100 Gy); the numbers after X indicate the multipli-
cation factor

a large number of lattice defects which may serve as trap-
ping centres. F+ centres are likely to be formed by trapping
of electrons at oxygen vacancies, and hole trapping at alu-
minium and zinc vacancies could lead to the formation of
V centres. The unresolved hyperfine lines which manifest
as broad line of Centre I indicate that the unpaired electron
is delocalised and interacts with nearby aluminium nuclei.
It has been speculated [39] that in oxides, the charges must
be trapped near double (or more) charged defects in order
for the charge to be delocalised, thus allowing it to interact
with surrounding nuclei. Hence Centre I is assigned to an
O− ion stabilised by a nearby cation vacancy (a hole trapped
in a Al3+/Zn2+ ion vacancy). The unpaired electron in this
centre resides mainly in an oxygen 2pσ atomic orbital. It
may be mentioned that a similar centre in neutron irradiated
MgAl2O4 has also been ascribed to an O− ion [40].

The stability of Centre I was measured using the pulsed
thermal annealing method. After heating the sample up to
a given temperature value where it is maintained for 3
minutes, it is cooled rapidly down to room temperature for
ESR measurements. The thermal annealing behaviour of
Centre I is shown in Fig. 6. It is observed that the centre
becomes unstable around 100°C and decays in the tempera-
ture range 100°C–250°C. This decay appears to relate to the
low temperature TSL peak at 174°C.

The ESR line labelled as II in Fig. 5a is due to a centre
characterised by a single ESR line with an isotropic g-value
equal to 2.0046 and 7 gauss linewidth. One of the most prob-
able centres which can be trapped in the present system is
the F+ centre. Hutchison [41] first observed such a centre in
neutron irradiated LiF. Irradiation leads to the trapping of an
electron at an anionic vacancy and such trapping is the basis
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Fig. 5 Room temperature ESR
spectra of irradiated
(a) ZnAl2O4:Er and
(b) ZnAl2O4:Er, Yb phosphors
(gamma dose: 5000 Gy). Line
labelled as I is due to an O− ion.
The Centre II line is assigned to
a F+ centre

Fig. 6 Thermal annealing behaviour of Centre I in ZnAl2O4:Er phos-
phor

for the formation of F+ centres. Hyperfine interaction with
the nearest-neighbour cations is the major contribution to
the linewidth. Defect Centre II formed in the present system
is characterised by a small g-shift and the linewidth is rea-
sonably large. Unresolved hyperfine structure causes large
linewidths. On the basis of these observations and consid-
erations of the characteristic features of the defect centres
likely to be formed in a system such as ZnAl2O4:Er, Cen-
tre II is tentatively assigned to a F+ centre.

The stability of Centre II was measured using the pulsed
thermal annealing technique. The thermal annealing behav-

Fig. 7 Thermal annealing behaviour of Centre II in ZnAl2O4:Er phos-
phor

iour of Centre II is shown in Fig. 7. It is observed that the
centre shows two intensity decreasing stages. The first stage
is in the temperature range 280°C–430°C and the second
stage corresponds to the region 440°C–550°C. The second
stage of decay appears to correlate with the high temperature
TSL peak at 483°C.

Irradiated Yb co-doped ZnAl2O4:Er phosphor also ex-
hibits ESR lines due to two defect centres. However, in-
tensity of ESR lines is low and in fact, Centre I ESR line
is hardly seen. The observed ESR spectrum is shown in
Fig. 5b. Experiments could not be carried out on Centre I
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Fig. 8 Thermal annealing behaviour of Centre II in ZnAl2O4:Er, Yb
phosphor

due to its low intensity. Centre II is characterised by a sin-
gle ESR line with an isotropic g-value equal to 2.0054 and
8 gauss linewidth. The two defect centres are assigned to
an O− ion and F+ centre on the basis of the reasons men-
tioned above. The thermal annealing behaviour of Centre II
is shown in Fig. 8. It is observed that there are some small
intensity changes in the temperature region 100°C to 250°C.
However, the actual decay of the centre is seen to take place
in the region 360°C to 460°C. This decay appears to cor-
relate with the high temperature TSL peak observed in this
phosphor at 423°C. Yb co-doping is found to shift the TSL
peaks to low temperatures. It is gratifying to note that the
correlated F+ centre decays at lower temperatures as com-
pared to its behaviour in the ZnAl2O4:Er phosphor. This is
expected if the defect centre indeed correlates with the high
temperature TSL peak.

4 Conclusions

The solution combustion method has been successfully im-
plemented for the synthesis of ZnAl2O4:Er co-doped with
Yb3+ powders. The synthesis process is instantaneous,
which saves energy and time, and a calcination step can be
avoided. The EDX analysis shows the peaks due to Zn, Al,
O, Er and Yb, which confirmed that the Er and Yb elements
were successfully doped into ZnAl2O4 host. The photolumi-
nescence from Er3+ around 1.5 µm is enhanced in ZnAl2O4

phosphor co-doped with Yb3+ upon 980 nm pumping and
this may find applications in optical communications. Two
defect centres are identified in irradiated ZnAl2O4:Er and
ZnAl2O4:Er, Yb phosphors with the help of ESR study.
These centres are tentatively assigned to an O− ion and F+
centre. The O− ion appears to correlate with the 174°C TSL

peak while the F+ centre appears to relate with the high
temperature TSL peak at 483°C in ZnAl2O4:Er phosphor.
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