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Abstract

Samarium doped Yttrium aluminum garnet (YAG) nanopowders with different concentration
(0.5%, 1%, 2%, 3%, 5% and 8% mol) were prepared by simple and low cost co-precipitation me-
thod. We found that the precursor begins converting to pure YAG at relatively low temperature
around 900°C, and no intermediate phases were detected. The powders annealed at 900°C and
1000°C in air with average particle size around 30 nm were characterized by means of X-ray dif-
fraction (XRD) analysis and infrared (IR) spectroscopy. The photoluminescent measurements
showed that the reddish-orange (RO) emission transition *Gs/2:°H7,2 is more prominent. In addi-
tion, the optimum concentration of doped Sm ions that lead to maximum intensity was reported.
Also, fluorescence efficiencies as pumping power dependence for different Sm3+ ions concentra-
tions were explored.
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1. Introduction

Recently, the need for materials that combine transparency, high strength, scratch resistance, and thermal stabil-
ity has driven the development of transparent ceramics for optical and laser applications [1] [2]. YTTRIUM
ALUMINUM GARNET (Y3Als01,, YAG) is a synthetic crystal of complex cubic oxide, best known as laser
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host material due to its excellent mechanical, thermal, and optical stabilities [3], and received considerable at-
tention because of its interesting properties when doped with lanthanides ions such as neodymium [4], erbium,
ytterbium, [5] chromium, [6] europium [7] and cerium [8] [9]. In 1995, Ikesue et al. [10] reported successful fa-
brication and laser operation of transparent Nd:YAG ceramics with optical properties nearly the same as those
of single crystal. In compared to single crystal, the transparent polycrystalline ceramic formed by sintering of
nanopowders becomes a good alternative because of its higher doping concentrations, low-cost, easy and short
time of fabrication. The limitation in the transparent ceramic technology arises from the relativity low transmit-
tance of incident ray which affecting the out-put power and laser efficiency [11]. Nanosized powders of single
dispersion and uniform shape without agglomeration are highly demanded to achieve excellent optical and
thermal homogeneities. The various fabrication techniques for transparent YAG ceramic or powder can be
grouped into two classes: 1) traditional solid-state reaction methods which require repeated mechanical mixing
and extensive heat treatment at temperatures of 1600°C to achieve the desired phase purity; and 2) methods
based on wet-chemistry synthesis of a precursor material that significantly lowered the crystallization tempera-
ture of YAG and improved the phase purity of the final product such as co-precipitation [12], Sol-gel [13], mi-
crowave irradiation [14], pechini synthesis [15]. However, it is still a challenge for the fabrication of RE:YAG
nanopowder with desired sinterabilities and microstructures from the chemical point of view, the properties of
nanopowders are affected by many factors which need to be carefully controlled such as solvents, precipitants,
reaction temperature, pH values, duration of aging, and calcined temperature [3] [16]-[19].

To the best of our knowledge, there are a few reports on the optical properties of Sm:YAG nanopowders. Re-
cently, there is growing interest in Sm®* emission in red-orange region as phosphors materials. Laser action has
been reported in TbF;:Sm** crystal and Sm** doped silica glass fiber [20]. Also, there is great interest in Sm:YAG
as optical pressure sensors and a suppression material for the amplified spontaneous emission in Nd:YAG laser.
Thus, we prepared Sm:YAG nanocrystal with co-precipitation method. The phase structure and the effects of
samarium concentration on the optical properties of the prepared samples have been investigated.

2. Experimental

Y (NO3)3-6H,0 (99.99% sigma Alderich), AI(NO3)3-9H,0 (99.99% sigma Alderich), and Sm(NO3)3-6H,0 (99.99%
sigma Alderich) were used as starting materials. Aqueous solution of Y, Al, Sm nitrates were mixed in which
the molar ration of Sm:Y was controlled to (0.5%, 1%, 2%, 3%, 5%, and 8%). The molar ration of (Sm + Y):Al
was kept as 3:5 in the mixed-metal nitrate solution. The precipitant solution was prepared by dissolving ammo-
nium hydrogen carbonate (NH,HCO,) into distilled water (0.5 M). The chemical precipitation was performed by
the reverse-strike technique (adding salt solution to the precipitant solution) at speed of 2 ml-min™* accompanied
by stirring at ambient temperature. After titration (pH = 7.9), the suspension was aged for 12 h, and then filtrated
and washed several time with distilled water to remove residual ammonia and finally ultrasonically with ethanol.
After drying the precipitant at 80°C for 24 h a loose precursor was obtained and calcined in air for 2 h at tem-
perature 900°C and 1000°C at heating rate of 10°C min ™.

The phase and size identification of YAG nanopowders were investigated by X-ray diffraction (Philips Ana-
Iytical X-Ray, 0.154 nm for CuKa). The composition of the powders was recorded by the Fourier Transmission
Infrared Spectroscopy (FT-IR spectrometer (Bruker, IFS 66/S) in the range (400 - 4000 cm ™)) over range of 400
- 4000 cm™* with the KBr pellet technique. The absorption spectra were carried out with Camspec M501 single
beam UV-Vis. The emission spectra were measured by spectrofluorometer (VARIAN CARY 5000). The fluo-
rescence efficiency as pumping power dependence was performed by Diode laser (laser wave LWVL 405 nm,
Model: 100555) as pumping source. The emitted light from the samples was collected and focused to the Op-
lenic spectrophotometer which was connected to a computer unit for processing the spectrum.

3. Result and Discussion

3.1. X-Ray

Figures 1(a) and (b) reveal the evolution of the X-ray diffraction pattern as a function of the calcination temper-
ature of the precursor as well as samarium concentration. The X-ray pattern demonstrate that crystalline YAG
started to form without any intermediate phase at relatively lower temperature equal 900°C in compared to other
preparation methods such as solid-state reaction (usually formed at 1500°C - 1600°C) [10]. This was attributed



H. Ali et al.

] 8% Sm
B MWWWMM ;MM — Bcs%csm

= ] :

= - :MW

€ 7 3

i { z 2% Sm

Q 3

E :M Newaenr /W g E A
] [=

:

10 20 30 40 50 0 10 20 30 40 50 60
20 (degree) 20 (degree)
@) (b)

Figurg 1. XRD patterns of Sm:YAG nanopowders calcinated at (a) 900°C and (b) 1000°C for different concentrations
of Sm** ions.

to the shorter diffusion distance for the reactants resulting from the fine grain size of the precipitated carbonate
precursor [1]. Above 900°C, continued refinement of peak shapes and intensities were observed, indicating
crystalline growth of the YAG powder as temperature increased. Also one can observe that, no obvious interme-
diate phase in YAG was observed with the increasing of Sm®* concentration. The average crystalline size (D) of
the prepared sample at different temperature and Sm** content was calculated from the broadening of the XRD
(420) peak using scherrer’s formula:

_ Ka
pcosd

@

where, D the average crystalline size, K is a dimensionless shape factor, has a typical value of about 0.9, 1 is
the X-ray wavelength (0.154 nm for CuKa), @ is the diffraction angle, g is the peak full-line width at half
maximum. The calculated crystalline size shows an increase from (23) to (46) nm as the calcination temperature
increases from 900°C to 1000°C.

3.2. FT-IR

Figure 2 shows the FT-IR spectra of 2% Sm:YAG heated at 900°C and 1000°C in the range 400 - 4000 cm ™.
The broad absorption band peaking at around 3450 cm™* is assigned to the stretching vibrations of the hydroxyl
group (O-H bond) including water and Y/AI hydroxyl group, which become weaker with the increase of calci-
nation temperature. In addition, new intense peaks in the range of 800 - 450 cm * (794, 727, 693, 569, 515 and
449 cm™) appeared. These peaks represented the characteristic metal-oxygen vibration (Al-O, Y-O, Y-O-Al) of
YAG structure [11] [21]. This is evidenced by the XRD results. We also noticed that these characteristics bands
as the same as in YAG single crystal [11].

3.3. Absorption Spectra

Figure 3 shows the UV-Visible absorption spectrum of Sm*" doped YAG nanocrystal. The spectrum consists of
a set of absorption peaks, which arise from intra-configurational (f-f) transition from the ground state of Sm**
ions (*Hsy,) to various excited states. The absorption peaks could be assigned easily on the basis of [22] [23].
Moreover, almost the detected peaks exhibit no shift with increasing Sm concentrations. This is expected since
in rare earth elements L-S coupling is dominant and shield the inner electrons i.e. we are dealing with almost
free ions.

3.4. Emission Spectra

Figure 4(a) shows the room temperature emission spectra of investigated samples recorded under the 405 nm
excitation wavelength calcinated at 1000°C. The fluorescence spectra reveal four well resolved bands originat-
ing from the “Gs), excited state to the ®Hs,, °Hy, ®Hepo and °Hyyy levels [20]. Most intense lines are at 606 and



H. Ali et al.

110

100

(b) 1000°C
90 <
80 —-
70 (a) 900°C
60 —.
< ]
= 504
40
30

20

10

T T T T T T T T T T T T T T
500 1000 1500 2000 2500 3000 3500 4000
wavenumber (cm”)

Figure 2. FT-IR spectra of 2% Sm:YAG nanopowders calcinated at (a)
900°C and (b) 1000°C.
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Figure 3. Absorption spectra of 2% Sm:YAG nanopowders calcinated at 1000°C.

618 nm, because the state ®H-, is split into stark energies owing to crystal field. As well as the ‘G, to ®Hgy, flu-
orescence band with intense line at 658 nm is dominant in spectrum, giving rise to the reddish orange emission.

We found that the fluorescence intensity increased as Sm*>* concentrations increased up to 2% then quenching
behavior was observed. Figure 4(b), compares between the maximum emission intensity of Sm:YAG nano-
powders calcinated at (900°C and 1000°C) as a function of Sm concentration. Remarkable enhancement in the
peak intensity was observed due to rising the calcination temperature in samples (0.5%, 1%, and 2%) with no
change detected in the emission peaks positions. In other words, the intensity of 2% Sm was raised to double as
the calcination temperature increased to 1000°C. This may be attributed to decrease the number of defect states
inside the samples due to the crystallinity improvement in case of these samples as demonstrated in X-ray.

It is worth mentioning that there is no change observed in the emission spectral band width as the Sm concen-
tration increased which confirm that there is no secondary phase has been formed. Whereas, in other work re-
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porting [12], broadening in the band width in case of Nd:YAG samples as changing the Nd ion concentration
and referring it to formation of secondary phases was observed.

3.5. Fluorescence Efficiency as Input Pumping Power Dependence

Figure 5 presents the integrated PL intensity as a function of input pump power for different Sm concentrations.
For fitting our data, the dependence of the PL intensity on the power of the exciting laser light can be defined by
using the relation of 1 ~ PX [24] where | is the intensity of the luminescence and P represents the input excitation
energy and K is a number with value ranging from zero to less than 1 for sublinearity relationship whereas from
1 to 2 for linear and superlinear relation. By fitting the data in figure. It was found that K value is always more
than 1 which proof the superlinearity between the input excitation power and output intensity. These results in-
dicate that the good optical properties for the samples that can be used as an active medium for laser systems.
Moreover, we can observe that, the sample of 2% Sm concentration has higher slope. This mean that, at the
same pumping power, the sample of 2% Sm:Y AG give higher emitted photons than other samples.
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Figure 4. (a) Emission spectra of Sm:YAG nanopowders calcinated at 1000°C for different concentrations of Sm** ions, (b)
Maximum integrated peak intensity for the calcinated samples (900°C and 1000°C) as a function of Sm concentration.
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powder with different Sm concentrations.
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4. Conclusion

Nanocrystalline Sm:YAG has been successfully synthesized by the co-precipitation method using ammonium
hydrogen carbonate as a precipitant. The precursor is converted directly to pure YAG at about 900°C. As the
calcination temperature raises, the YAG particle size was found to increase from 23 to 46 nm. The photolumi-
nescent properties of the prepared samples showed that the reddish-orange (RO) emission transition “Gs,:*Hy, is
more prominent. In addition, the optimum samarium concentration—(2%)—that leads to maximum fluorescence
was recorded. The final product was found to be pure structure and uniform distributed YAG nanopowders
which are anticipated to be used as the candidate for sintering transparent ceramic materials. The fluorescence
efficiency as input pumping power dependence experiment shows that the sample of 2% Sm has higher slope ef-
ficiency in compared to other samples. This can be widely used in the development of LEDs and the possible
applications as a laser material operating at different lines in 600 - 670 nm spectral range.
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