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ABSTRACT: Nanocrystalline Zn,SnO, powders doped with Eu’" ions were
synthesized via a mechanochemical solid-state reaction method followed by
postannealing in air at 1200 °C. X-ray diffraction (XRD), energy-dispersive X-ray
(EDX), and Raman and photoluminescence (PL) spectroscopies provide convincing
evidence for the incorporation of Eu’* ions into the host matrix on non-
centrosymmetric sites of the cubic inverse spinel lattice. Microstructural analysis
shows that the crystalline grain size decreases with the addition of Eu**. Formation of a
nanocrystalline Eu,Sn,0, secondary phase is also observed. Luminescence spectra of
Eu’*-doped samples show several emissions, including narrow-band magnetic dipole
emission at 595 nm and electric dipole emission at 615 nm of the Eu®* ions. Excitation
spectra and lifetime measurements suggest that Eu®* ions are incorporated at only one
symmetry site. According to the crystal field theory, it is assumed that Eu®" ions
participate at octahedral sites of Zn** or Sn** under a weak crystal field, rather than at
the tetrahedral sites of Zn**, because of the high octahedral stabilization energy for
Eu’". Activation of symmetry forbidden (IR-active and silent) modes is observed in the Raman scattering spectra of both pure
and doped samples, indicating a disorder of the cation sublattice of Zn,SnO, nanocrystallites. These results were further
supported by the first principle lattice dynamics calculations. The spinel-type Zn,SnO, shows effectiveness in hosting Eu®* ions,
which could be used as a prospective green/red emitter. This work also illustrates how sustainable and simple preparation
methods could be used for effective engineering of material properties.
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1. INTRODUCTION states, each with very different emitting characteristics. The
source for the Eu®* ions is the reduction of Eu** — Eu®' in a

Zinc stannate (Zn,SnO,) is a transparent n-type semi- o S ) ) :
matrix if preparation is carried out in a reducing atmosphere or

conducting oxide' with a diverse array of applications, such as
in lead-free ferroelectrics, gas sensors, transparent conductors,
lithium-ion batteries, dye-sensitized solar cells, and photo-
catalysis.” As a wide band gap material, it also has good
potential for full color phosphors;® however, there are only a

in some special compounds even in air at high temperatures.’
The orange—red photoluminescence of Eu** originates from f—
f transitions that are considered nearly independent of the host
lattice, that is, emission from the 5D, state (595 nm: D, — "Fy;

few reports on the possibility of Zn,SnO, hosting an activator 610-620 nm: *Dy — "F,).”

ion for this kind of application.””> Among different possible Mechanochemistry has a long history and has provided
dopants, the rare-earth ions including those of Eu, Tb, Er, Ce, simple and sustainable production routes for functionally
Tm, Ho, and Nd are the most attractive because of their tailored nanomaterials.® The mechanically initiated chemical
characteristic electronic transitions that could lead to sharp

luminescence features in the ultraviolet (UV) to infrared (IR) Received: May 26, 2016

range. Among rare-earth activator ions, europium stands out Revised: ~ August 1, 2016

because it may exist in both divalent (Eu®*) and trivalent (Eu**) Published: August 3, 2016
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Figure 1. (a) SEM micrographs of Zn,SnO, and Zn,SnO,:Eu nanoparticles at different magnifications. (b) EDX elemental mappings of the
nanoparticles showing a uniform distribution of Zn and Sn for doped and undoped samples, with some regions of high Eu concentration in the

doped sample.

reactions of oxides are typically accompanied by cation
redistribution, formation of defect centers with unsaturated
oxygen coordination, phase transformations, and so forth.

Here, this rather simple method of synthesis is employed to
solve the comparatively complex and challenging task of
nanocrystal doping. The structural and luminescence properties
of mechanochemically synthesized Zn,SnO, nanoparticles and
the changes induced by europium doping were investigated
experimentally, and the results are shown to compare favorably
with those calculated within density functional theory.

2. EXPERIMENTAL DETAILS

Sample Preparation. Zn,SnO, nanopowder was prepared
via mechanochemical processing, in which starting precursors
(ZnO and SnO,, Sigma—Aldrich,” purity 99.9%, and particle
size < 1 um) were mixed in stoichiometric quantities in a ball
mill (Retsch GmbH PM100) using zirconia vial and zirconia
balls of 10 mm diameter. A standard ball mass to powder mass
ratio of 10:1 was used, followed by milling for 160 min (speed
320 rpm), after which the powder was subjected to an
annealing step at 1200 °C for 120 min in an air atmosphere.
The selection of these synthesis conditions was made on the
basis of previous experimental results.'® Europium-doped zinc
stannate (Zn,SnO,:Eu) was prepared in a similar way, execept
1 at. % of Eu (Eu,05, Aldrich, purity 99.99%) was added to the
starting powder mixture.

Characterization. X-ray diffraction (XRD) analysis was
used for structural characterization of zinc tin oxide samples
and was carried out using a Philips PW 1050 diffractometer
with Cu Ky, , radiation and a step scan mode of 0.02°/3s in the
angular range of 26 = 10—90°.

The morphology and microstructure of the obtained powder
samples were investigated with scanning electron microscopy
(SEM, Zeiss Series Auriga FE-SEM, operated at 10 kV)), and
elemental mappings were made with an X-ray detector (energy-

dispersive X-ray (EDX), Oxford Instruments X-Max) coupled
directly to the SEM.

A detailed structural and vibrational analysis of the samples
was performed using multiwavelength excitation Raman
measurements combining ultraviolet (325 nm), blue (442
nm), green (532 nm), red (633 nm), and near-infrared (78S
nm) excitation lines. Room temperature Raman scattering and
photoluminescence (PL) measurements were performed in the
back-scattering configuration with an iHR320 Horiba Jobin
Yvon system combined with an Olympus metallographic
microscope.'”'* In all cases, the laser spot size diameter was
about 1-2 pm, depending on the excitation wavelength. To
avoid effects in the spectra related to potential microscopic
inhomogeneities, the spot was rastered over an area of 30 X 30
um’ using a DuoScan accessory. The first-order Raman
spectrum of monocrystalline Si was measured as a reference
before and after acquisition of each Raman spectrum, and the
spectra were corrected with respect to the Si line at 520 cm™".
Spectral resolution was <2 cm™" for all Raman measurements
and <0.25 nm in the case of PL measurements performed with
532 nm excitation.

Additional luminescence excitation and emission spectra, as
well as lifetime measurements, were obtained at room
temperature using a Fluorolog-3 Model FL3-221 spectrofluor-
ometer system (HORIBA Jobin-Yvon), incorporating a 450 W
xenon lamp for emission measurements and a 150 W pulsed
xenon lamp for lifetime measurements, while a HORIBA Jobin-
Yvon TBX detector was utilized in both cases.

The diffuse reflectance spectra (DRS) were obtained using
an Ocean Optics QE65000 high-sensitivity fiber optic
spectrometer, and the optical band gap of the powders was
estimated in accordance with the Kubelka—Munk function
using SpectraSuite Ocean Optics operating software.

Theoretical Calculations. Density functional theory
(DFT) calculations of the electronic ground state for
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Figure 2. XRD patterns of (a) Zn,SnO, and (b) Zn,SnO,:Eu nanoparticles. (c) The cubic inverse spinel structure of Zn,SnO,. Zn** and Sn**
cations are distributed over the sites of tetrahedral and octahedral coordination. In the bulk material, one-half of Zn** ions occupy the sites of the
tetrahedral coordination, whereas Sn** cations and the other half of Zn** ions occupy the sites of the octahedral coordination. Thus, the crystal
chemical formula of Zn,SnO,, emphasizing the site occupancy at the atomic level, may be written as (Zn**)[Sn**Zn**]O,.

Zn,SnO, of the cubic inverse spinel structure were performed
within the generalized gradient approximation using the
Perdew—Burke—Ernzerhof local functional® and norm-con-
serving pseudopotentials, as implemented in the CASTEP
code.'” The cutoff energy for the plane wave basis was set to
830 eV. Prior to performing calculations, internal atomic
coordinates of oxygen were relaxed, so that forces on atoms in
the equilibrium position did not exceed 1 meV A™'. A self-
consistent field (SCF) tolerance better than 10~ eV and the
phonon SCF threshold of 107'* eV were imposed. For
calculations of the electronic structure and other relevant
electronic properties, integration within the Brillouin zone of
the primitive cell was performed over a 3 X 3 X 3 Monkhorst—
Pack grid"® in reciprocal space. Lattice vibration frequencies
were further calculated by the finite displacement method.

All structural depictions were made using the VESTA
(visualization for electronic and structural analysis) software.'®

For all figures, standard uncertainties are commensurate with
the observed scatter in the data, if not explicitly designated by
vertical error bars.

3. RESULTS AND DISCUSSION

3.1. Morphology and Crystal Structure of Zn,SnO,
and Zn,SnO4Eu Nanoparticles. Both the doped and
undoped zinc stannate powders contain a nonuniform
distribution of particle size and shape, as observed by SEM
(Figure 1). This nonuniformity arises from the mechanical
processing of the powders, while agglomeration of particles
occurs during the high temperature annealing step. The
undoped particles range from hundreds of nanometers up to
a few micrometers or more in size, while the doped particles are
noticeably smaller, commonly less than 100 nm in size, and
rarely exceed 1 pm. This variation can be explained by
differences in recrystallization energies: in general, the
introduction of dopants increases the recrystallization energy,
thus resulting in a smaller particle size for a given temperature.
Large-area EDX measurements show Zn/Sn compositional
ratios of 1.90 and 1.95 for the undoped and doped ZTO
samples, respectively. Elemental mappings show a very uniform
distribution of Zn and Sn in the particles, suggesting that Zn
and Sn binary phases are not formed in spite of the slightly Sn-
rich composition (confirmed next by XRD and Raman
measurements). In the Eu-doped powder, the overall Eu
concentration is 0.80 at. %, and there are areas with a high
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concentration of Eu, indicating the presence of a secondary
phase (Eu,Sn,0,, discussed further during XRD and Raman
characterization). Outside of regions with this secondary phase,
Eu is uniformly distributed along with Zn and Sn.

XRD analysis of the synthesized powders confirms the
formation of a highly crystalline Zn,SnO, phase in both cases
(Figure 2a and b). XRD patterns agree very well with that of
PDF (JCPDS 74—2184) for face-centered cubic inverse spinel
Zn,SnO, (space group Fd3m (0})). However, three impurity-
related diffraction peaks in the XRD pattern of the Zn,SnO4:Eu
sample were noticed and can be assigned to europium tin oxide
(Eu,Sn,0,, JCPDS 13—0182).

Zn,Sn0O, crystallizes in the inverse spinel (B,AO,) structure,
where tetrahedral sites are occupied by B atoms and the
octahedral sites are occupied randomly by an equal number of
A and B atoms.'” Therefore, the structural formula of spinel-
type zinc stannate may be written as (Zn>*)[Sn**Zn?*]O, to
denote that half of the Zn** cations are in sites of tetrahedral
coordination and that the other half and all of the Sn** cations
are in sites of octahedral coordination. The crystal structure
obtained from the Rietveld refinement of the XRD pattern for
the pure Zn,SnO, compound is presented in Figure 2c.

An increase in the Zn,SnQ, lattice constant a (from 8.610(2)
A to 8.639(4) A) for the Zn,SnO,:Eu system is observed,
indicating that some europium ions have substituted the Zn*"
and Sn** sites in the Zn,SnO, matrix. The observed local
deformation in Zn,SnQOy lattice occurs because the substitution
of smaller Zn** (0.74 A) and Sn** (0.69 A) ions with a larger
size Eu®* ion (0.95 A) must lead to an increase in cell
parameters and volume. Nevertheless, the significant difference
in ionic radii between these cations makes extensive
substitution difficult, so the formation of the secondary phase
(Eu,Sn,0,) is possible and even expected.’

Additionally, Williams—Hall (W—H) analysis'’ ™" was
performed in order to determine and compare the average
nanocrystallite size and the microstrain in these materials. The
results show that the average domain size decreases in the case
of the Eu-doped sample, from 105(17) nm to 89(7) nm for
Zn,Sn0O, and Zn,SnO,:Eu samples, respectively, while their
lattice microstrain is not significantly different, 2.90(11) X 10~°
to 2.96(13) X 1075, respectively. This is in agreement with the
results obtained from the SEM analysis, although the domain
size obtained from the XRD is lower than the particle size as
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Figure 3. (a) Raman spectra of Zn,SnO, and Zn,SnO,:Eu recorded with five different excitation energies (325,442, 532, 633, and 785 nm). (b)
Low-frequency region in greater detail, with minor peaks identified. In both graphs, the peaks marked in red correspond to the Eu,Sn,0O; secondary

phase.

observed by SEM analysis because the coherent scattering
domains do not necessarily correspond to particle size.

3.2. Raman Spectroscopy Characterization and
Lattice Dynamics Calculations. In Mulliken notation, the
irreducible representation of the I"-point modes for the spinel-
type zinc stannate structure™ ™ is given as

I'=A, ® 24, & E, @ 2E, 2T, ® 3T, @ ST,
® T,

Here, the A modes are nondegenerate, while the E modes are
doubly degenerate, and the T modes are triply degenerate.
According to the selection rules for this crystal symmetry, one
T, mode corresponds to acoustic phonons; the remaining 4T,
optical modes are infrared (IR) active; and A, E,, and 3T,
modes are Raman active, while the rest are silent modes.

Figure 3 presents the Raman spectra of both Zn,SnO, and
Zn,SnO,:Eu powders measured with 325, 442, 532, 633, and
785 nm excitation wavelengths. Simultaneous fitting with
Lorentzian curves of the Raman spectra measured with all
excitations was performed, leading to identification of 18
experimentally observed peaks. Some of the peaks (305, 338,
402, 440, and 501 cm™') are attributed to the Eu,Sn,O,
phase,”*** as already evidenced from SEM and XRD analysis.

To resolve and identify the other 13 peaks, density functional
theory calculations were performed from which lattice
vibrational mode frequencies were obtained. Figure 4 shows
the phonon dispersion curves across the Brillouin zone for the
spinel-type zinc stannate structure.

On the basis of the group theory analysis, Raman spectra of
ideal Zn,SnO, bulk crystals should be characterized with only
five modes, which are predicted theoretically to be at 143, 227,
377, 532, and 667 cm™" and which are assigned to ng(l), E,,
Ty(2), Tyy(3), and A;, symmetries, respectively. These are in
excellent agreement with experimentally observed peaks at 137,
228, 376, 530, and 666 cm™' in the Raman spectra (the
medium deviation of calculated mode frequencies from
experimental values is only 1.1%) and with previously reported
results.””>*® According to the theoretical calculations, only the
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Figure 4. DFT-calculated phonon dispersion relations across the
Brillouin zone of Zn,SnO,.

lowest frequency Raman mode involves motion of Sn (along
with oxygen), while oxygen atoms are exclusively involved in
other vibrations.

It is obvious from Figure 2 that, in addition to these five
modes, eight other peaks are clearly observed in the Raman
spectra. These peaks cannot be attributed to Eu,Sn,0, (peaks
belonging to this phase have already been identified) or to any
other secondary phases (EDX and XRD analyses have already
excluded the presence of other secondary phases). These
additional peaks correspond apparently to the IR and silent
modes, which, strictly speaking, are forbidden by scattering
selection rules for an ideal spinel-type crystal. Activation of the
IR and silent modes in the Raman spectra could be associated
with a disorder of the cation sublattice caused by the
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mechanochemical synthesis method. It appears that a
redistribution of cations over the tetrahedral and octahedral
crystalline sites is responsible for a deviation of real structure
from the ideal cubic inverse spinel. This is further confirmed by
the fact that the experimental Raman spectra in the lower
frequency region closely follow the calculated phonon density
of states, as it is evident from Figure S. Observation of phonon

— Zn,Sn0, - Calculated Phonon DOS

—— Zn_Sn0O_ - Experimental Raman Spectrum
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Figure S. Comparison between the calculated phonon density of states
and the experimental Raman spectra of Zn,SnO, measured with 633
nm excitation. A notable overlap of the phonon density of states is
observed in the lower frequency region of the Raman spectra,
indicating the presence of a disordered structure.

density of states (DOS) in Raman scattering spectra of
disordered crystals is known experimentally.””>* Similarly,
phonon confinement effects due to a reduction of crystallite
size or to local (on the microscopic level) deviations of the
structure from the global one are also known to cause the
relaxation of the Raman scattering selection rules.”*™>*

Frequencies of all Raman peaks both experimentally
observed and theoretically calculated and their proposed
symmetry assignment are presented in Table 1. Table 1 also
contains a comparison to the previously reported experimental
data for Zn,SnO, and Eu,Sn,0, compounds.z’m_26

3.3. Photoluminescence and Optical Band Gap
Measurements. Further convincing experimental evidence
for cation sublattice disorder comes from the analysis of the PL
spectra of Zn,SnO, and Zn,SnO,:Eu nanoparticles measured
with 532 nm excitation and presented in Figure 6a.

The PL emission spectra of Zn,SnO,:Eu nanoparticles
exhibit four sets of very intense bands in the 570—680 nm
region. By comparing this spectrum with that of the Zn,SnO,
sample (i.e., without any Eu-doping, Figure 6a), which exhibits
only a very broad low intensity emission with no visible peaks
in this region, it is reasonable to assign these lines to transitions
related to Eu’* ions. The features centered at 580, 595, 615, and
655 nm are characteristic Dy-'F, *Dy-'F;, *Dy-’F,, and *D,-"F,
emission bands of the Eu®* ions, respectively.”’ Additionally,
the relative intensities of the two orange emissions at 595 and
615 nm, which correspond to the magnetic (°Dy-'F;) and
electric dipole transitions (*Dy-"F,), respectively, reflect the
symmetry of the lattice sites occupied by Eu ions in the host
structure. Depending on the symmetry of the occupancy site of

Table 1. Frequency (in cm™") of Peaks from Simultaneous Fitting of Raman Spectra Measured with 325, 442, 532, 632, and 785
nm Excitation Wavelengths of Zn,SnO, and Zn,SnO,:Eu Compounds and Calculated from First-Principle Simulations for
Zn,SnO,, Proposed Mode Symmetry Assignment, and Mode Activity”®

this work
Zn,Sn0, Zn,SnO4:Eu reference for Zn,SnO, reference for Eu,Sn,0,
Vexp [em™']? Voo Lem ¢ sym? mode activity Vesp [em™']° v [em™]¢ v [em™]¢ v [em™]¢ v [em™]¢ sym?
85 8§
108 1259 Ty silent 108 107
137 142.7 ng Raman 137 148
160 161.7 Th IR 160
169.0 E, silent
195 209.3 Ty, silent 195
2224 Th IR
228 226.7 Eg Raman 228 224 226
278 280.5 Ty silent 278
2819 Ty, IR
283.5 Ay, silent
305% 305 Ty,
338* 339 E,
320 363.8 E, silent 320
376 3774 T;_g Raman 376 381 375
402 399 T,
440%*
475 5353 Ty IR 475 467 435
501% 502 Ay
530 532.2 ng Raman 530 527 528 526
625 623.7 Ay, silent 625
666 667.0 A, Raman 666 667 668 667

“For easer identifications, peaks attributed to the Eu,Sn,O, phase are marked with *. “Mode frequency obtained from the experiment. “Mode
frequency obtained from the calculations. “Symmetry of modes. “Mode frequency obtained from refs 2 and 24—26.
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Figure 6. (a) PL spectra of Zn,SnO, and Zn,SnO,:Eu nanoparticles
measured under 532 nm excitation. Groups of lines correspond to
transitions within different Dy — 71?"j (j = 0—3) multiplets, as labeled.
(b) Excitation spectra of Zn,SnO,:Eu nanoparticles monitored at 595
nm (the transition of Dy-'F;) and at 612 nm (the transition of
Dy-"F,). Groups of lines correspond to "Fy-°Gs, "Fo-Lg, "Fo-°Ds,
"Fy->D, transitions, as labeled.

Eu®" ion in the lattice, one of these transitions will dominate
because of the different nature of these transitions.

According to the selection rules in Russell-Saunders
coupling, electric dipole transitions are strictly spin- and
parity-forbidden within the 4f configuration, whereas the
magnetic dipole transitions are only spin-forbidden. However,
the spin selection rule is partly lifted because of spin—orbit
coupling, while the parity selection rules may be relaxed in
crystals by mixing of levels of the 4f configuration with
appropriate levels of configurations of opposite symmetry by
way of odd terms in a static of dynamic crystal field
expansion.”” If Eu®* ions occupy a lattice site with a strict
center of symmetry, then the odd terms of the static crystal field
vanish, leading to electric dipole transitions being strictly
forbidden for purely electric transitions. On the other side, if
Eu® ions occupy a noncentrosymmetric lattice site, then both
the electric and magnetic transitions are possible. The first case
will produce predominantly the 595 nm emission, while
nonsymmetric site occupancy will lead to a dominant 615 nm
emission.”> The prevailing of the ’D,-’F, electric dipole
transition at 615 nm over the *D,-"F; magnetic dipole
transition at 595 nm in the case of Zn,SnO,:Eu nanoparticles
leads to the conclusion that the Eu®* ions are generally located
in a disordered surrounding in the Zn,SnO, matrix.

The Eu’* ions could occupy either the tetrahedral sites of
Zn** or the octahedral sites of Sn* or Zn** in the Zn,SnO,
inverse spinel crystal structure. As a consequence of both these
sites being centrosymmetric, electric dipole transitions
(*Dy-"Fy, ») are forbidden and as such should not appear in
the spectra. However, introduction of the Eu®" ions in the
Zn,Sn0O, lattice will result in disorder and point defects in the
lattice because of the differences in the ionic radius (Eu**/Sn*"
= 1.38 and Eu**/Zn** = 1.28) and the chemical valence. The
charge compensating oxygen vacancies surrounding the Eu**
ions will lead to the deviation from the point symmetry and
relaxation of electric dipole transitions selection rules, with the
appearance of the 5D0—7F}-=0,2 transition lines in the spectra.
Additionally, the Eu** luminescent centers contributing to the
’Dy-'F, transition line are probably located at the Zn,SnO,
particle surface or subsurface, where the crystal field is not as

strong as at the lattice site. The observed excitation lines of Eu
ions are generated from Eu ions situated in the Zn,SnO, lattice,
rather than from the Eu-rich Eu,Sn,O; phase, as the latter is
known to greatly suppress the Eu emission.”*

To distinguish how many different symmetry sites the Eu**
ions occupy, excitation spectra monitored at 595 nm (the
transition of >Dy-’F;) and at 612 nm (the transition of *D,-"F,)
were collected for the Zn,SnO,:Eu nanoparticles (Figure 6b).
Both excitation spectra consist of a broad band and several
narrow bands. The narrow bands at about 378, 395, 414, and
464 nm are attributed to the "F-°G,, "Fo-Lg, 'Fy-"D;, and
"Fo-°D, transitions of the Eu®* ions, respectively.””*~>® The
broad band peaked at about 335 nm should be assigned to the
overlap of the host absorption and the charge-transfer transition
(CTT).**7*® The host absorption represents transition
between the valence band (derived mostly from O-2p with a
minor contribution of Zn-3d states)” and the conduction band
(formed mostly by the Zn-3p and 4s states (tetrahedral
sites)),” while the CTT corresponds to the transition of the
electron from the valence band to the Eu®* localized state.
Furthermore, the position of this broad peak in Figure 6b
coincides well with the absorption band of pure Zn,SnO,, with
an optical band gap of 3.35 eV (Figure Sl in Supporting
Information), which indicates that the Eu®" ions can be
effectively excited through the Zn,SnO, host lattice.

Similarity in the observed features of the excitation spectra
monitored at different wavelengths suggests that the Eu®" ions
probably occupy only one lattice site. These results are further
supported by measuring the decay times of the Eu** ions for
emissions at 595 and 612 nm, under 464 nm excitation. The
decay curves of the ’Dy-’F; and °D,-’F, transitions are
presented in Figure S2. The lifetimes obtained after fitting
with the double-exponential function have yielded values of
0.74(5) ms and 0.79(5) ms for the 595 and 612 nm emissions,
respectively. Resemblance in the obtained lifetime values within
the experimental uncertainty further points to the fact that the
Eu®" ions probably occupy only one lattice site. The differences
in the decay curve traces are probably occurring because of the
influence of Eu®" luminescence centers which are located at the
surface or subsurface of the Zn,SnO, nanoparticles, as
mentioned previously. Considering that the Zn’* ions in
tetrahedral sites are not replaced because of the large octahedral
stabilization energy of Eu®, europium is assumed to be
primarily located at the octahedral site of Sn*" or Zn>* under a
weak crystal field. While all experimental results point to the
incorporation of Eu** ions at only one lattice site, the possibility
of existence of additional lattice sites cannot be excluded at this
point. Detailed luminescence measurements on Eu-doped
Zn,SnO, single crystals should provide more comprehensive
results about the incorporation of Eu®* ions in different
symmetry sites in the host lattice.

According to experimental data and the discussion presented
earlier, a simplified energy level scheme for the Eu’" ions and
for the optical transitions observed in Figure 6 is indicated in
Figure 7.

4. SUMMARY

To summarize, the phosphor activation of mechanochemically
synthesized Zn,SnO, nanoparticles with Eu is reported. XRD,
Raman, and PL spectroscopies, as well as first principles lattice
dynamics calculations, were utilized to characterize Zn,SnO,
and Zn,SnO,:Eu. The results show that Zn,SnO, crystallizes in
the cubic inverse spinel structure with space group Fd3m ( o)
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Figure 7. Energy-level scheme of Eu®" ions with indication of the
radiative transitions observed. After the charge-transfer transition
(CTT), the system consists of a Eu** ion and a hole (hyy) in the
valence band. Coulomb interaction between the Eu** and hyy will lead
to formation of the bound states, which are labeled as impurity trapped
excito:(l) states (ITEg,), and are located over the top of the valence
band.

and suggest that Eu®* ions incorporate in limited quantities into
the host nanocrystalline matrix. The formation of a secondary
Eu,Sn,0, phase could also occur. Eu** is shown to occupy
noncentrosymmetric sites in the Zn,SnO, lattice. Excitation
spectra and lifetime measurements suggest that Eu®" ions are
incorporated at only one symmetry site. According to the
crystal field theory, it is assumed that Eu®* ions participate at
octahedral sites of Zn*" or Sn*" under a weak crystal field,
rather than the tetrahedral sites of Zn?*, because of the high
octahedral stabilization energy for Eu’*. The spinel-type
Zn,Sn0O, shows effectiveness in hosting Eu*" ions, which
could be used as a prospective green/red emitter.
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