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Abstract: Nanocrystalline Eu**, Ho** co-doped Y,05 powders with a maximum size of 9.8 nm were prepared
by the sol-combustion process, using Y (NO3).6HO, as an oxidizer, europium and holonium nitrates as
activators, thiourea as a fuel and ethanol as a solvent. The crystal structure and optical properties were
investigated by X-ray diffraction (XRD) patterns, Scanning electron microscope (SEM), equipped with energy
dispersive X-ray (EDX), Ultra-violet visible (UV-Vis) spectroscopy, and Photoluminescence (PL). As Holonium
concentration (x) varies from x = 0.1 to 0.5, the Y,05:Eu®*:Ho** nanopowder exhibits a body — centred cubic
structure of Y,05 without any significant formation of a separated EuO,, or Ho,O3 phase. UV-Vis reveals that
the optical band gap of Y,O3:Eu*":Ho®*", alloys show red shift with increase in x. With increase in Ho
concentration (x), the PL spectra show several narrow visible light emission outspreading from 450 to 650 nm
with monotonous red shift attributed to both the intrinsic Y,05:Eu®": Ho*, property and the introduction of vast
crystalline defects due to the high concentration of Ho** substitution. The presence of Eu** and Ho®" impurities
in the Y,0;3 structure induced the formation of new recombination centres with lower emission energies and
shows direct modulation of band gap. This method has proven to be ideal and simple to synthesize material for
devices operating in the visible region as well as for developing heterojunction structures for optoelectronic
device applications with desired efficiency.
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I.  Introduction

Potential applications in environmental sciences, medicine, photolithography, material processing, and
high-density optical data storage have stimulated the development of solid-state lasers working in the ultraviolet
(UV) spectral range [1,2]. Frequency upconversion (UC) is one method to produce short wavelength laser,
pumped with relatively longer wavelength laser through intrinsic energy level matching of certain rare-earth
ions [3]. Traditional visible lasers, such as argon-krypton lasers, are expensive, bulky and complex in structure.
These shortcomings greatly restrict the development of such lasers for practical applications. In recent years, the
development of commercial solid state Nd** lasers has made significant progress. High-power and cost-effective
compact 532-nm continuous wave (CW) solid state laser is now readily available. More importantly, the energy
of such green laser matches well with the energy structures of trivalent holmium ions so that the green laser can
resonate with the thermalized °S,/°F, states [4].

On other hand, luminescent nanocrystals (NCs) doped with rare earth ions were paid more attentions
because of their interesting luminescent properties. They can be used as components in displays [5], light
emitting diodes [6], biological assays [7], and optoelectronic devices [8]. Cubic Y,04:Eu®* is one of the most
important commercial red phosphors, which can be used in fluorescent lights, cathode ray tubes (CRTS), plasma
display panel (PDP), and field emission display (FED) [9]. Yttrium oxide (Y,O3) has been investigated widely
as a host material for rare-earth ion doping in optical applications [10] on account of its excellent chemical
stability, broad transparency range (0.2 to 8um) with a band gap of 5.6 eV, high refractive index, and low
phonon energy [11-13]. Furthermore, the similarities in the chemical properties and ionic radius of RE ions and
Y,0, make it an attractive choice as a host material [14, 15]. Many methods for synthesis of Y,0z:Eu®**:Ho**
phosphor has been reported, including sol-gel method [16], spray pyrolysis method [17], hydrothermal method
[18], and precipitation method [19]. Wet chemical methods have been widely developed to prepare the
luminescent materials [20], since these processes have advantages of good homogeneity through mixing the
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starting materials at the molecular level in solution, a lower calcination temperature and a shorter heating time.
However, sol-gel process often requires expensive and environmentally unfriendly organic precursors and
solvents. Then a simple technique, sol- combustion synthesis, is beginning to attract a great deal of interest. Sol-
combustion is one of the simplest and most versatile approaches available to obtain single-phase powders at low
temperatures with shorter reaction times and little residual impurities as compared with conventional solid-state
reactions [21].

Trivalent holmium ion (Ho®*") has many long-lived intermediate metastable levels, from which excited
state absorption (ESA) can take place [22, 23]. There are also several high-lying metastable levels that can give
rise to transitions at various wavelengths in the visible and UV regions [9]. Most studies on Ho**-doped
materials were mainly focused on infrared and visible regions. There are also a few papers devoted to the studies
of UV and violet fluorescence under IR or red laser excitation [5, 7, 10, and 11]. Here we report the generation
of yellow, orange and red luminescence spectra in the range of 450 - 650 nm in Y,04:Eu®*: Ho>* ceramic.

Il.  Experimental

2.1 Nanocrystals synthesis

All the chemicals used for the preparation of the powders were of analytical grade. In the present study
Y (NO).6HO, is used as an oxidizer, thiourea employed as a fuel and Eu®* and Ho* as activators. Y
(NO3);.6H,0, Ho (NO3)3-6H,0 and Eu (NOs).6H,0 with proportional molar ratios of cations were completely
dissolved in de-ionized water by constant rate stirring at 80 °C. Subsequently, citric acid was added into the
solution with 1:3 molar ratios of (Y+ Ho+Eu) to citric acid. After complete dissolution, the pH of the solution
was adjusted to 6.0 by the addition of ammonium hydroxide. The solution was then introduced into a muffle
furnace preheated to 500%. After about 10 minutes the solution boiled and was ignited to a self-propagating
flame. The fluffy black bulk obtained was crushed and then calcined at 900 °C for 4 h in air to remove remaining
organic additives so that the nanocrystals were formed. These nanocrystals were pressed under 10 MPa pressure
into a smooth and flat disk, then sintered at 1200 ‘C for 36 h in air to form ceramic samples.

2.2 Characterization

To determine the average crystallite diameter and the phase of the samples, X-ray powder diffraction
(XRD) spectra were measured with a D8 Bruker Advanced AXS GmbH X-ray diffractometer using Cu Ka
radiation at a wavelength of 0.154056 nm. The measurement conditions were as follows: the wavelength was
0.15419 nm (pure Cu Ka radiation), tube voltage/tube current was 40 kV/50 mA, and machine scanning range
was 260 = 10°- 90°. The size and morphology of the as-prepared particles were carried out by using a scanning
electron microscope (SEM), Tescan VEGA 3 SEM. The photoluminescence (PL) spectrum as well as decay
curves for all the samples were investigated by Cary Eclipse fluorescent spectrophotometer equipped with a 150
W xenon lamp at an excitation source with the slit of 1.0 nm and scan speed of 240 nm min™.

I1l.  Results And Discussions

3.1 X-ray diffraction study

Fig. 1 illustrates the X-ray diffraction patterns of Y,05:Eu**: Ho** powder samples, synthesized by the
sol-combustion method. Six main peaks are observed, which can be assigned to (211), (222), (400), (440), and
(622) of cubic Y,03. All diffraction peaks are attributed to the pure body-centered cubic (bcc) structure for Y,03
phase and match well with JCPDS (25-1200) card with space group 1a3. All samples present (222) as the
preferential orientation. At 0.1% Ho®*, the product is already crystallized and presents some three peaks. At
higher concentrations more peaks are detected. This difference in crystallization is due probably to the
difference in the Ho®" ions concentrations. Increasing Ho**% ions leads to the increase of the main peaks
intensity with a sharpening, indicating the improvement of the crystallinity quality of the powders. This
phenomenon can be explained by the fact that the Y** ions are accommodated in two different symmetries, i.e.,
the C, without inversion center and the Sg with inversion center [24]. The Eu** ion might be replacing the Y**
ions in theY,03 host lattice because no diffraction pattern characteristic of Eu,O3 phase is detected. The radii of
Y, Eu®* and Ho® ions are 0.89 A° , 0.947 A° and 0.9 A° respectively,[24]. According to the ion radius
approximation principle in the crystal field theory, Eu** and Ho®* ions enter into crystal lattices by replacing Y**
ions other than by occupying the slot between crystal lattices. Compared with Y** jonic radius (0.89 A), Eu®*
and HO* have larger ionic radii of 0.947 A and 0.9 A respectively. Therefore, the lattice constant would
increase with increasing atomic content of Ho** ions in the powder.
The crystallite size of these materials has been estimated from the same XRD patterns. As a first approximation,
it is suggested that the appearance of broad XRD peaks is due to the nano-sized particles formation. The average
crystallite size ‘D’ of Y,04:Eu®": Ho®* powders can be estimated using Scherrer's formula [25],

0.94

- Bcosb
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where A=1.5406 A is the wavelength of the X-ray radiation used, £ is the full width at half maximum (FWHM)
of the (222) diffraction peak in the XRD patterns in radians, 6 is the Bragg diffraction angle.
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The average crystallite size and crystallographic unit cell parameters are calculated and listed in Table
1. It is found that the diffraction peaks shift to longer angles with increasing Ho%, indicating a decrease of the
lattice constant and a development of internal tensile strain. In addition, the crystallite size of synthesized Y ,Ox:
Eu**: Ho®* powder increased with increasing Ho®" ions. It is known that FWHM (£ in the Scherrer formula) can
be interpreted in terms of lattice strain and crystalline size. The crystal lattice strain generated by the Ho®" ions
is determined T Fjg 1. X-ray diffraction pattern of Y,Os: Eu®": Ho®*" phosphor

cosv 1
B = H-i— nsing

where £ is the full width at half maximum, 1 is the X-ray wavelength, @ is the diffraction angle, D is the
effective crystallite size and # is the effective strain. The strain is calculated from the slope of the plot of S
((cos 6)/2) against sin O/4 and the effective crystallite size is calculated from the intercept to 5 ((cos #)/1) axis.
They show a difference in angular dependence of the line width for Ho®*" ions. Indeed, the best fit is obtained
when the Ho®" ion percent is increased from 0.1 to 0.5% and when the slope becomes negative. In the same
table, we also present the effective crystallite size and the effective strain » against the Ho®" ions percent. The
effective crystallite size values are very close to those extracted from the Scherrer formula and increase when
the Ho®" ions percent increases. The tensile strain decreases from 0.1% to the negative value corresponding to
0.5%. It has been reported that a negative value indicates the presence of compressive lattice strain [28, 29].
This strain behaviour as a function of Ho** ions is in a good agreement with that of the lattice parameters. The
reduction of the lattice parameter and the increase of crystallite size with increasing of the Ho>" ions signify the
closeness of lattice plane which can lead to an increase of the density and a decrease in the dislocation density.
The average nanocrystallite sizes for Y,0g: Eu** with different concentration of HO®" is compared as shown in
the table 1 below;

Table 1. The crystallite sizes as a function of % concentration of HO®*" ions ions.
% of Ho>* 01 02 03 04 05
Crystal sizes(hm) 65 75 89 92 98

Table 1 lists the crystallite sizes of synthesized particles estimated from the well-known Scherrer's equation. The
diffraction data of the strongest peak [222] plane was used to calculate the mean crystallite sizes. The crystallite
sizes showed a slightly increasing tendency, which can be attributed to the effect of the increased dopant
concentration [30].
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Figure 2 shows the role of Ho®* mole concentration on crystallite sizes and lattice parameter. A monotonous
decrease of the lattice constant and increasing crystallite size is established by means of X-ray analysis for a
series of Y,05: Eu**: Ho®* powders. This effect cannot be explained by impurity or intrinsic defects in the
powders. The expressions derived are based on the size dependence of the internal stress and the intracrystalline
pressure stipulated by the interaction of the elements of the crystal charge lattice. Calculations made for the ion
charge lattice of quartz evidence the monotonous increase of the lattice parameters with decreasing particle size
and agree with the results of the X-ray experiment.
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Fig. 2. Crystallite sizes and Lattice constant as functions of Ho**
concentration

3.2 Scanning electron microscopy

SEM was carried out using Tescan VEGA 3 SEM. Fig. 3 shows the SEM image of the Y,05:Eu®":
Ho®" co-doped phosphor. The image shows the characteristics surface morphology of combustion product.
Particles are highly agglomerated and form a connected network type with some vacant space among them,
which is expected due to the evolution of different gases during combustion of the gel. It also reveals
inhomogeneous distribution of the particles (a variation and shape of the particles). The shape of some of the
particles are spherical and the size lie between 5 — 10 nm (Fig.2a) which is well in agreement with the
crystalline size calculated using XRD. However some particles are of sub-micron size due to agglomeration of
many crystallites and lack of separate boundary (Fig.2b-2¢). The shapes of the particles are irregular and seem
to be polygonal.

DOI: 10.9790/4861-0906012333 www.iosrjournals.org 26 | Page



Narrow Visible Emission And Narrowing Band Gap In Ho**-Co Doped Y,0s....

Fig.3. SEM micrographs of Y,03: Eu®": Ho>" samples with (a) 0.1 (b) 0.2 (c) 0.3 (d) 0.4 (e) 0.5 % of Ho*" ions
at 4.77um field of view (f) Crystal structure of Ho,0O5. Courtesy of ChemSpider.

V. Photoluminescence

4.1 Excitation

Fig. 4 shows room-temperature optical absorption spectra of Y,0s:Eu*:Ho*" phosphor. Ho*
absorption bands of *Hs, °G°, °G®, °F;, °F, (°S,) and °Fs were present in Y,O0s: Eu**:Ho*". The Ho** doped
Y,04:Eu* showed green (544 nm) and red (626 nm) emission peaks, which are assigned to °F, (°S,) - °Ig and
SF5-1, transitions of Ho®" ions respectively.
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Fig.4 Excitation spectra of Ho** co-doped Y,03: Eu** phosphor when Ho®* ion concentration was
varied from 0.1 to 0.5%

3.2 Emission

Fig. 5 shows the emission spectra of Y,03: Eu**:Ho*" powder when the percentage concentration of
Ho®" ions was varied. Three main emission spectra appear at 540, 588 and 626 nm for the samples with lower
mole concentrations (0.1 and 0.2%) of Ho®" assigned to °Dy-'F1, °Do-'F, and *Dy-'F5 transitions of Eu*. These
emission spectra due to Eu®" ions are also confirmed by the inset of Fig. 3. Other minor peaks also appear
around 440 and 500 nm speculated to be from Ho®". At higher mole concentration of Ho**, the three main peaks
are totally quenched. Y,05:Eu®":Ho®*" phosphor shows a red-emitting afterglow phenomenon, and the Eu®" ions
are the luminescent center during the decay process. The bright red emission near 626 nm has been noticeable
due to the °Dy-'F, transition of Eu®". The Intensity of the luminescence has decreased with an increase of
concentration of Ho®". In sufficient quantities of Eu®* to Ho>, the bright red emission near 626 nm has been
predominant due to °D,-'F, transition of Eu**. From the figure, the intensities of spectra are quenched as the %
concentration of Ho®" ions are increased. Since Eu®" ions are kept constant, it is speculated that Ho®" ions are the
ones which caused the quenching of the intensities of the spectra. The enhancement of the Eu®* emission in the
nanopowders is due to a non-radiative energy transfer from Ho®* to Eu®*, as Ho can absorb more X-ray
radiation. At higher Ho®* concentrations, a self-quenching mechanism [31] exists, a product of the fact that the
Ho-Ho energy transfer mechanism is more efficient than the Ho-Eu one, and, therefore, presents a higher
possibility that a Ho ion is closer than another sort, resulting in a drop in Eu®* emission. Similar results have
been observed for Gd,O; co-doped Eu, Th nanopowders [32].
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Fig.5. Photoluminescence emission spectra of Ho®** co-doped Y,05: Eu** phosphor when Ho* ion concentration
was varied from 0.1 to 0.5%
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Fig.6. CIE diagram of the Y,03:Eu**:Ho*" powder under 325 nm UV excitation.

Fig.6. Illustrates the Commission Internationale de I'Eclairage (CIE) chromaticity diagram of Y,04:Eu**:Ho%",,
(0.1 < x < 0.5) calculated using photoluminescence data and color calculator software. The coordinates shows
the emissions were in orange/red region at 612 nm NBE for the samples with low mole percent of Ho**. Thus,
this indicates that careful choice of dopant play a major role in tuning the emission color of the Y,03:Eu®":Ho®".

3.3 Decay characteristics

The afterglow properties of Y,05: Eu®*": Ho®* powder with different mole concentration of Ho** ions
are shown in Fig. 7. It can be seen that decay curve of the powders with lowest concentrations has highest
intensities and afterglow, while those with higher mole concentration of Ho** ions has the lowest intensities and
. This indicates that lower mole concentration of Ho** favors long afterglow and higher intensities and vice
versa. The decay times of the phosphor can be estimated by using the following double exponential equation;

1= Ay exp (-t/ty) + Asexp (-t/ 15)

where | is the phosphorescence intensity, A;, and A,, are constants, t is time, 1, and 1, are decay times for
exponential components, respectively. The fitting results of parameters t; and t, are listed in Table 2 below;

% concentration 0.1 ] 0.2 | 0.3 | 0.4 | 05 |
Components Decay constants(, s) |
Fast (11) 0.368 0.352 0.345 0.339 0.326
Medium (t;) 0.680 0.668 0.641 0.625 0.599

Table 2: Decay constants for the fitted decay curves of the Y,05: Eu*":Ho®" powder with various mole
concentration.

The graph of maximum peak intensity of the as-prepared powders as a function of % Ho®'
concentration is shown in Fig.8. The emission peak intensity quenched gradually with increase in the %
concentration of Ho®" ions. It can be seen from the curve that the powders showed differences in initial intensity
and medium persistence when the powders were efficiently activated by UV lamp. The results indicate that the
initial luminescence intensity and the decay time of phosphors are enhanced with a decrease in the %
concentration.
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Fig.7. Decay curves of Ho®*" co-doped Y,05: Eu** phosphor when Ho* ion concentration
was varied from 0.1 to 0.5%
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Fig.8. Concentration of Ho®* ions vs. maximum peak intensity graph of Y,04:Eu®*:Ho®" phosphor

3.4 Optical properties
3.4.1 Absorbance spectra

The UV-vis absorbance spectra of the samples are given in Fig. 9. The spectra of all the powder
samples show good optical quality in the visible range due to the complete absorbance in the 200— 700 nm
range. The sharp absorption edge is characteristic of a homogeneous structure [33]. The figure shows that the
absorption edge shifted to higher wavelength for higher mole concentration and then reduced to lower
wavelength for lower mole concentration. Furthermore, absorption bands corresponding to the forbidden Eu®" f—
f transitions were detected for higher mole concentration. The band at around 220 and330 nm is attributed to the
exciton absorption, which is red-shift, compared with powder Y,05:Eu**:Ho®*" [34]. The absorption peaks at
around 290 and 340 nm are assigned to °Do-'F,and °Dy-'F, transitions of Eu®* ions, respectively [35].
4.2 Determination of Eg. from reflectance spectra

The Kubelka- Munk equation was used to calculate the band gap of the as- prepared powder as follows;

(1-R%)?
F(Rxw) = % =k/s @
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Where R..= Rsample/ Rreferencess K i absorption coefficient and S is scattering coefficient.
On the other hand the bang gap Eg, and absorption coefficient o of indirect band gap semiconductor are related
through the well- known Tauc relation;

ahv = Cl(hv - Eg)2 (2)

Where hv is the photo energy and C; is proportionality constant, n=2 for indirect transition. When the
material scatters in a perfectly manner, the absorption coefficient K becomes equal to 2a (K=2a). Considering
the scattering coefficient S as constant with respect to wavelength, and using equations (1) and (2), the
following expression can be written:

[F(R®) * hv]? = Cy(hv — E)------mmemmmemm- ©)

By plotting [F(R)*hv]  against hv and fit the linear region with a line and extend it to the energy axis,
then one can easily obtain Eg by extrapolating the linear regions to [F (R+) hv] ’=0. The average Eg. value for the
powders was found to be 4.43 eV, which is in a good agreement with the literature values by other researchers
[36]. The observed optical bang gap for Y,0,: Eu**:Ho®*" samples have decreased to 4.0 eV at lower mole
concentration of Ho®*" shown in Fig. 10. The change in optical band gap values may also be due to the change of
crystal structure of the Y,03 powders. This change in the optical band gap materials can be explained on the
basis of quantum size effect.

100 4—— 0.1% Ho™
1— 0.2% Ho**
01 6.3%Ho™
80 4—— 0.4% Ho™
—— 0.5% Ho"*

704
60 =
50 4

Absorbance (%)

400 500 600 700 800

Wavelength (nm)
Fig 9. Uv-vis absorbance spectra of Y,05: Eu**: Ho®* red- emitting phosphor with % mole
concentration of Ho®* from 0.1 to 0.5%.

200 300

The dependence of the band gap energy of the Y,O3:Eu®":Ho>" on the percent mole concentration of
Ho®* ions is shown in Fig. 11. It can be seen from the graph that the band gap of the Y ,0s; Eu®*: Ho’+ powders
increased with the percent mole concentration of Ho®". The decrease in band gap energy and the shift of the
absorption edges to higher wavelengths might be due to the presence of defect states and disorder due to the
percent mole concentration. The mole concentration of Ho®* might have introduced new states close to the
conduction band of the Y,03:Eu®": Ho**. A new defect band is therefore formed below the conduction which
lead to reduction in the effective band gap [37, 38]. It is clear that at 0.5% mole concentration of Ho®' the
estimated band gap increased upto 4.7 eV.
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V.  Conclusion

We have successfully synthesized co-doped Y,05:Eu®**:Ho*" powders by simple and cost effective sol-
combustion method. The effects of Ho doping on the structure and optical properties of Y,Og:Eu®* are
investigated. X-ray diffraction confirm the formation of body-centred cubic structure of Y,03: Eu for all Ho
concentration. The SEM images and XRD shows that the crystallite sizes increase with increase in Ho
concentration. The PL spectra show strong and narrow visible light emission outspreading from 450 to 650 nm
which is frequently observed in alloy semiconductors. The UV-vis spectroscopy study reveals that the optical
band gap (Y,0s:Eu**:Ho®",, 0.1 < x < 0.5) alloys show red-shift. Ho-codoping can effectively adjust and tune
Y,03:E* for narrow band gap applications. In summary, we suggest that the method employed would be
efficient to synthesize material for devices operating in the visible region as well as for developing
heterojunction structures.
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