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Abstract Synthesis, X-ray diffraction, and photolumi-
nescence (PL) investigations of SrZnO, doped with Eu’t
were carried out in order to characterize the material. The
emission spectra showed a broad band emission at 525 nm
attributed to oxygen defect centers in the host matrix, along
with peaks corresponding to the °Dy — 7Fj G=1, 2)
transitions of Eu ion under 250 nm excitation. PL decay
time studies were done to confirm these investigations.
Time-resolved emission spectrometric (TRES) study was
carried out to extract the emission spectra of the Eu ion
which was buried under the broad band emission. After
giving suitable delay times and by choosing a proper time
gate, transitions due to 5D0 — 7Fj G=20,1, 2,3, and 4)
could be observed. Judd-Ofelt intensity parameters and
other radiative properties for the system were evaluated
from this emission spectrum and decay time data by
adopting standard procedure. The color coordinates of the
system were also evaluated and plotted on a standard CIE
index diagram. The observations showed that the
SrZn0,:Eu* " material has near white light emission (also
considering the emission from host) whereas, the extracted
emission spectrum due to only Eu ions has a near red
emission.

Introduction

During the last few decades, rare-earth-activated oxide
based phosphors have led to a revolution in lighting
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industry [1]. In particular, the remarkable narrow-band
emission properties of trivalent rare-earth (RE) ions such as
Eu”*/Eu’", Tb*", Dy>", Ce** ions, etc. have been utilized
to the maximum extent in the development of efficient
phosphors for lamps, plasma display panels, and also for
light-emitting diodes(LEDs) [2-4]. Recently, several
reports have appeared in literature regarding the novel
compound SrZnO, and its utility as an oxide-based host for
phosphor material [5—13]. But the first report on use of this
host for luminescent applications can be attributed to
Kubota et al. [6], where they had investigated on the
application of Ba?* and Mn*"-doped SrZnO, system as a
luminescent material. Later, He et al. reported the lumi-
nescence performance of the host as a red and blue-green
emitting phosphor, when doped with Eu®* and Pr’ ™" ions,
respectively [7, 8]. Khatkar et al. and Yu et al. have
reported the utility of the host material as a blue-green
phosphor by doping with Tb*" [9, 10]. Yang et al. [11]
have reported the photoluminescence (PL) investigation of
the Sm-doped strontium zinc oxide system. Eu** doped in
this host was shown to be a potential red emitting phosphor
by Wang and Gao [12]. Also, Yu et al. have reported the
PL properties of Eu’" ion codoped with several alkali
metals in this phosphor host [13]. These reports proved the
utility of SrZn0O, as a potential host material for phosphors.
However, all these reports did not throw any light on the
symmetry of the metal ions in this matrix and the various
emission properties associated with it. The present study
was initiated to investigate the emission spectra of the Eu
metal ion in the oxide host and comment on its symmetry
by adopting standard Judd-Ofelt (J-O) analysis. We
observed white light emission from the Eu-doped sample,
which is unusual for this host. A detailed investigation in
this regard is presented in this paper. Along with these
studies, various radiative properties such as the J-O
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intensity parameters, luminescence branching ratios, radi-
ative probabilities and lifetimes, quantum efficiency, etc.
were also determined from the emission and lifetime data
that are presented here. These parameters reflect the local
structure around the metal ion and provide information
regarding nature of the metal-ligand bonding in the matrix.
Apart from this, the color coordinates for the system were
also calculated adopting standard procedure and plotted on
the standard CIE index diagram.

Experimental

All the chemicals used were of AR grade. The undoped
S1rZn0O, samples were prepared via high temperature solid-
state reaction route as discussed below. Stoichiometric
quantities of SrCO3 and Zn(CH3COQ), were mixed thor-
oughly and ground in an agate mortar. The mixture was
heated first at 500 °C for 4 h so as to obtain a gray colored
product. Later this sample was heated at 900 and 1,000 °C
for 3 h. This was cooled to room temperature and further
ground to obtain a white powder. This powder was heated
at 1,300 °C for 2 h. The product thus obtained was used for
further investigations. Eu-doped sample was prepared by
mixing appropriate quantities of 99.99% pure Eu,0; at the
starting point following similar steps so that the metal ion
concentration was 1 mol%. Phase purity of the samples
was examined by X-ray diffraction (XRD) measurements
carried out on a STOE X-ray diffractometer using a Ni
filter and graphite monochromator. The diffraction patterns
were obtained using monochromatic Cu-K,; radiation
(4 = 1.5406 A°), keeping the scan rate at 0.05°/s in the
scattering angle range (26) of 20° to 60°. The XRD patterns
obtained were then compared with the standard ICDD files.
The PL emission and lifetime (decay time) data were
recorded on an Edinburgh CD-920 unit equipped with Xe
flash lamp as the excitation source. The acquisition and
analysis of the data were done by F-900 software provided
by Edinburgh Analytical Instruments, UK.

Results and discussion
XRD data

Figure 1 shows the XRD patterns of the SrZnO, samples
after annealing the samples at 900 °C (a) and 1,300 °C (b).
In the sample heated at 900 °C, peaks corresponding to
unreacted ZnO (20 = 31.75, 36.25, 34.35, 47.50, and
56.55°) and SrCO; (20 = 27.55°) were also observed
along with the peaks due to SrZnO,. However, in the
sample heated at 1,300 °C, no impurity phase was
observed. The observed patterns were matched with that of

StZn0O, crystallized in an orthorhombic geometry with
space group Pnma (ICDD file no-41-0551, shown in
Fig. 1c). The XRD data was indexed on an orthorhombic
system with cell parameters a = 0.5850, b = 0.3310, and
¢ = 1.1338 nm which are shown in Table 1.

The crystal structure of SrZnO, has been reported by
Schnering and Hoppe [14, 15].

StZnO, structure is a waved layered one consisting of
ZnQy tetrahedra sharing its edges with one another. The Sr
atoms are located in between these waved layers. There is
one site for the Sr atom where it is surrounded by seven
oxygen atoms. Also there is one site for the Zn atom but
two sites for the oxygen atoms.

The ionic radii of Zn>*, Sr**, and Eu’™ are 74, 121, and
95 pm, respectively. On doping the oxide system with the
Eu’" ion, it could replace the Sr** or Zn*" ion, though the
former is more favored. In order to keep the charge bal-
ance, two Eu’" ions will be needed to substitute for three
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Fig. 1 XRD patterns of the undoped SrZnO, samples; a after 900 °C
heat treatment and b after 1,300 °C heat treatment. The standard
ICDD stick patterns that matched with the experimental patterns is
shown in ¢. The peaks with asterisk mark are due to pure StZnO,

Table 1 XRD data of SrZnO, (4 = 0.15406 nm)

20 values d value (A) I, hkl
30.65 2.91 50 200
31.65 2.82 45 201
31.80 2.80 65 111
34.70 2.58 25 112
39.10 2.30 100 113
44.50 2.03 35 204
51.05 1.78 25 115
54.90 1.67 20 020
57.15 1.61 25 312
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divalent ions. Hence, one vacancy (defect centre) with two
negative charges and two positive defects would be
created.

PL emission data

Figure 2(b) shows the emission spectrum of the Eu incor-
porated SrZnO, with 250 nm excitation. The spectrum
shows a very broad peak ranging from 450 to 650 nm with
maximum at 525 nm. Over this broad band, few sharp
transitions were observed at 590 and 614 nm. The peaks at
592 and 612 nm are the well known Eu®" emissions in the
orange and red regions, respectively. The host SrZnO,
heated at 1,300 °C also showed this broad emission peak-
ing at 525 nm (Fig. 2(a)).

The excitation spectrum corresponding to the 592 nm
emission of the undoped and Eu-doped sample is shown in
Fig. 3. The intense peak observed in both the samples at
~230 nm was assigned to the host absorption. The broad
band observed in the Eu-doped sample at 250 nm was
attributed to Eu’™" charge transfer (CT) transition [12, 16].
And the peaks seen at 320, 365, 380, and 395 nm were
assigned to the f—f transitions from the "F, ground state to
5H3, 5L9, 5G3, and 5L6 levels, respectively.

The broad emission peak observed in our samples has
not been reported in earlier reports of SrZnO,:Eu’".
Though similar broad emission around 530 nm has been
reported by Zhang et al. in ZnO nano-powders [17], the
corresponding excitation peak was observed at 385 nm. In
the present study, the excitation peak of the undoped
sample corresponds to 230 nm. Therefore, we strongly
believe that the broad emission at 525 nm observed in our
samples arises only due to electron transitions mediated by
defect levels (e.g., oxygen vacancies) in band gap of
SrZn0O, lattice.
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Fig. 2 a emission from the host and b emission spectrum of the
S1Zn0,:Eu with /., = 250 nm
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Fig. 3 Excitation spectrum of the host with /., = 525 nm and
S1Zn0,:Eu with 4., = 592 nm

PL decay time data

To probe further into the luminescence properties of the
dopant ion, fluorescence decay time studies were carried
out on the sample. The luminescence decay time curve for
the Eu"-doped sample recorded with e, = 250 nm and
Aem = 612 nm is shown in Fig. 4. The luminescence decay
curve was recorded on 20 ms scale and fitted using the
following exponential decay equation.

I(t) :Ai+ie% (1)

Here A; are scalar quantities, #; are the times of
measurement, and t; are the decay time values (i.e., the
time taken for the excited state population to become 1/e of
the original value). The decay curve could be fitted into a
bi-exponential decay whose major component (>95%) was
1.8 ms and minor component was 0.158 ms with the
parameter of fitting > = 1.514. The life time of the broad

Counts (a.u.)

T
3 6 9 12 15 18
Time (ms)

Fig. 4 PL decay time profile of the Eu-doped sample with
Aex = 250 nm and A., = 612 nm. The dots represent the observed
points and the solid line gives its exponential fitting
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band emission at 525 nm emission was also observed to be
0.16 ms. This confirms the fact that, the initial short lived
component observed in the 1-3 ms range in Fig. 4 is due to
the tail portion of the broad band host emission.

In order to extract the spectra due to Eu®" only, a time-
resolved emission spectrometry (TRES) method was
adopted, where in a set of emission scans were obtained by
giving suitable delay times and choosing a proper time
gate. Figure 5 represents the TRES spectra of the strontium
zinc oxide samples doped with Eu obtained at various
delay times and with /., = 250 nm.

It is clear from the spectra that after giving a delay time
of 300 us, the intensity of the broad peak at 525 nm
(attributed to oxygen related defect centres) is drastically
reduced and a clear spectrum for the Eu’" could be seen.
The spectrum obtained after a time delay of 700 ps was
further used for the emission data analysis and calculation
of J-O parameters (shown in Fig. 6). This spectrum con-
sists of a number of sharp lines at 580, 592, 611, 651, and
692—-711 nm, which are associated with the transitions
from the excited 5DO to 'F 7 levels of Eu*t where J = 0, 1,
2, 3, and 4, respectively.
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Fig. 5 TRES spectra of the Eu’*-doped SrZnO, samples after
suitable delay times with A.x = 250 nm
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Fig. 6 Emission spectrum of StZnO,:Eu®t with Ae, = 250 nm
obtained after a delay of 700 ps. The inser figure shows the *Dy to
7F, transition at 580 nm

Here, the red emission at 611 nm involving AJ = £2
transition is an electric-dipole transition, while the orange
emission at 590 nm is a typical magnetic dipole allowed
transition (AJ = +1).

Evaluation of J-O parameters of the Eu®" sample

The Judd-Ofelt analysis of the emission spectrum is a
powerful tool for calculating the parity-forbidden electric-
dipole radiative transition rates between the various levels of
a rare-earth ion such as Eu®" [18, 19]. Through these anal-
yses, the local environment around the metal ion and the
bond covalency of M—L bonds can be interpreted. Apart from
this, the radiative transition rate (Ag), radiative lifetimes
(tr), and luminescence branching ratios (fig) can also be
computed. It is possible to determine the J-O intensity
parameters Q; (where J = 2,4, 6, etc.) based on the emission
spectral data as shown by various authors [20-23].

For a particular transition, the emission intensity (/) can
be considered as proportional to the area under the emis-
sion curve for that transition. Also, the intensity will be
proportional to the radiative decay rate of the transition

(AR).
I = hev AR No(Area under the curve) (2)

Here hcv is the energy separation in the initial and final
levels and N is the population of the Dy level (in case of
Eu®"). The °D, — 7F2’ 4, and ¢ transitions are electric dipole
allowed whose radiative decay rates can be represented by
the following equations as shown by Malta et al. [24, 25].

B 64nte?? n(nz—|—2)2 Di\2
Areo) = <3h(2J+1)> 9 ZJ:Q’<HU ”>

(3)

5 2
Here the factor n(r+2) is the Lorentz local field

9
correction that converts the external electromagnetic field
into an effective field at the location of the active center in
the dielectric medium and # is the refractive index of the
medium. IU71l are the doubly reduced matrix elements
corresponding to the 5D, — ’F, transitions of the metal
ion; e is the electron charge and v is the transition energy in
cm~'. Neglecting the J-J mixing, it is found that, the
intensities of the transitions solely depend on the respective
matrix elements.

For the present strontium zincate system, the index of
refraction was calculated by standard Gladstone and Dale
formula as suggested by Larsen and Burman [26] and
illustrated in Lange’s Hand book of Chemistry [27].

For the calculations of Q; values in Eu-doped SrZnO,
system, the intensity of SDO — 7F1 transition, which is a
magnetic dipole allowed transition, was taken as the

@ Springer
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reference. The transition rate (Agrmga)) of this magnetic
dipole allowed transition is represented by the following
equation [28].

Here S,,4 is the magnetic-dipolar transition line strength
and is independent of host matrix. For the present system,
its value was taken as 9.6 x 10~** esu” cm” as reported by
Werts et al. and Weber et al. [22, 29].

The total radiative decay rate (Agr) value was calculated
from the ratio of the sum of the areas under the Dy, — 'F;
transitions () [1;dv), to area under the curve of the

D, — 'F, transition ([ Lav).

(O [Ldv) _ Ag
([Lidv)  Agrma

The J-O intensity parameters, ; were calculated from
the respective Agqq values as per Eq. 3. The values for the
reduced square matrix elements (U NIy for the "F, and "F,
transitions were taken as 0.0032 and 0.0023, respectively
[22, 30-32].

Since, the ° Dy — 7F6 transition was not observed in the
present case, its J-O parameters could not be evaluated.

The total radiative lifetime can be represented as the
reciprocal of the total radiative decay rate, i.e., 1r = A—IR.
From the experimental decay time (ty) and tg values, the
TR, 1.€., the non radiative life time was calculated by the
following formula.

1 1 1

oL 6
Tf TR TNR ()

(5)

Similarly, the branching ratios (/3 ;= fJA> for the
J

different excited states and the overall quantum efficiency
(17 = %{/%) were calculated by standard procedures. All

these parameters for the Eu®" ion in the zincate host are
listed in Table 2.

Q, exhibits dependence on the covalence between rare-
earth ions and ligands and gives information about the
asymmetry of the local environment of Eu®" site. The trend

Table 3 Comparison of the J-O intensity parameters of Eu**-doped
SrZnO, with that of other hosts

Host Q, Q, References
(107* em?)  (107%° cm?)
Strontium zincate 3.60 1.35 Present study
Strontium meta 5.9 1.4 [35]
phosphate
Strontium barium 2.1 3.8 [36]
niobate
Zinc phosphate 5.8 2.3 [37]

observed in the J-O parameters here (€, > Q) confirms
the covalency existing between the rare-earth ion (Eu’™)
and ligands as well as the asymmetry around the metal ion
site. The 5DO - 7F3 transition cannot be accounted for by
either the magnetic or electric-dipole mechanisms. Its
presence is considered to be a small deviation from theory
at the level used in this study. However, some workers say
that these transitions “borrow” intensity from the
Dy — 'F, transitions through higher order perturbations
by the crystal field and show bands in the emission spec-
trum [21]. A comparison of the J-O intensity parameters of
the strontium zincate system with that of other hosts is
presented in Table 3.

Evaluation of color coordinates

In order to evaluate the material performance on color
luminescent emission, CIE chromaticity coordinates were
evaluated adopting standard procedures [33, 34]. The val-
ues of x and y coordinates of the system were calculated to
be 0.324 and 0.421, respectively. This is represented as the
point “b” in the CIE diagram. For an ideal white light
phosphor system, the values are 0.33 and 0.33, respectively
(represented as the “achromatic point”, “a” in the CIE
index diagram, Fig. 7). It is clear from the values that, the
SrZnO,:Eu’" system, gives a near white light emission
when excited at 250 nm. On the other hand, when the
emission spectrum obtained after giving 700 ps is taken
into consideration, the CIE coordinates are calculated to be
0.571 and 0.386, respectively (point “c”) suggesting a near
“RED” emission.

Table 2 J-O intensity parameters and radiative properties of the Eu®>"-doped SrZnO,

Transition Agea (87 Arma (571 Q; (107 cm?) By (%) n (%) Avorar (871 Tr (1)
Dy - 'Fy 0 72.1 - 25.0 52 290 350
Dy - 'F, 135 0 3.60 47.5

Dy - Ry 34.5 0 1.35 275

@ Springer
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Fig. 7 CIE chromaticity diagram for Eu**-doped SrZnO, system.
Point a: corresponds to an ideal white light phosphor system. Point b:
shows the values for the Eu3+—d0ped S1ZnO,. Point c: corresponds to
the emission obtained after 700 ps

Conclusion

SrZn0O, samples doped with Eu ions were prepared via
solid state reaction route. XRD studies confirmed the for-
mation of a single phase compound after heat treatment at
1,300 °C. The emission spectra of the sample showed a
broad band at 525 nm attributed to oxygen defect centers in
the host matrix, along with peaks corresponding to the
Dy — "F; (J = 1, 2) transitions of Eu ion under 250 nm
excitation. The PL decay time studies were done to confirm
these investigations. A TRES study was carried out to
extract the emission spectra of the Eu ion which was buried
under the broad band emission. After giving suitable delay
times and by choosing a proper time gate, transitions due to
Dy —» 'F; J =0, 1, 2, 3, and 4) could be observed.
Various emissive properties such as J-O intensity param-
eters, radiative transition rates and life times, luminescence
branching ratios, and quantum efficiency for the system
were calculated adopting standard procedure. The color
coordinates of the system were also evaluated and plotted
on a standard CIE index diagram. The observations showed
that the SrZnO,:Eu*"material has near white light emission
(also considering the emission from host) whereas, the
extracted emission spectrum due to only Eu ions has a near
red emission.
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