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Properties of Er,O3 nanoparticles synthesized by a modified
co-precipitation method
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Er.O3 nanoparticles were synthesized by co-precipitation with the addition of ascorbate as stabilizing agent. The nanopatrticles had spherica
shapes with a mean diameter of 32 nm and were allocated in clusters, as determined by XRD, AFM, and optical microscopy. Characteristic
green and red emissions from®Erwere recorded by pumping the nanoparticles at 525 nm, 805 nm, and 975 nm. However, the lumines-
cence spectra show an enhancement of red emission for NIR pump wavelengths. We proposed this behavior was due to phonon-assiste
depopulation mechanisms and energy transfer processes related to the different excitation schemes.
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1. Introduction further treatment. The E©3; nanoparticles were synthesized
by co-precipitation [20], with NaF as precipitator in presence

Currently, optical properties of lanthanide ions such aS'Er of ascorbate ions in aqueous solution. The reaction began by

are of great interest in optoelectronics technology [1-8]. Indissolving 0.5 g of ascorbic acid and 0.0315 g of NaF in 10 ml

addition, erbium ions are particularly suitable for fluores-of distilled water. The pH of the solution was adjusted to a

cence and up-conversion of infrared to visible light becaus&alue of 4 by adding some droplets of an aqueous solution of

of a favorable electronic level scheme with equally spacedammonium hydroxide (NiHOH, 35 wt %). The resulting so-

long-lived excited states [9]. The fabrication of erbium- |ution was heated at € during 20 minutes. Subsequently,

doped materials usually involves vacuum technologies such solution of 1.25 g of erbium nitrate (Er(NR. 6H,O) dis-

as ion implantation [10], epitaxy [11] and vapor deposi-solved in 2 ml of ethanol (ETOH) was added to the NaF-

tion [12]. A low cost strategy is the direct addition of ascorbic acid solution. The resulting mixture was left under

erbium-doped nanoparticles to solid hosts [13-15]. The cocontinuous stirring for two hours at room temperature. The

precipitation method allows the synthesis of@s nanopar-  nanoparticles were collected by centrifugation at 3000 rpm,

ticles by the addition of coordinating ligands such as citratayashed twice and dried at room temperature under vacuum.

[16] or poly-ethylene glycol [17]. The interaction between Finally, the samples were heated at 800n air for three

the ligands and lanthanide ions results in a positive charggours.

that prevents aggregation of the species in solution [18]. This

method allows the fabrication of water-soluble nanoparticle2.2. Characterization of Er,O3 nanoparticles

such as LakgEr [19]. On the present study, we substituted ] ) )

the citrate with ascorbate by use of a new method to preparEhe size and structure of the nanoparticles was studied by

Er,O5 nanoparticles. Spectroscopic studies were performednethods of X-ray diffraction (XRD) patterns. These were

such as absorption and luminescence spectra of the;Er collected with a Rigaku Miniflex dlfforactometer coupled with

The structure and the corresponding energies of the recordétiCU source at 40 kVA(= 1.54056 A). The morphology of

luminescence are reported and compared with these reportée nanoparticles was studied by confocal microscopy and
on the literature. atomic force microscopy (AFM). For the former, the images

were recorded with a 3D confocal microscope ContourGT-
K from Bruker. The magnification was set at 100X, with

2. Material and methods a vertical range of 500 nm. The AFM micrographs were
recorded by an AFM easyScan 2 from Nanosurf. It had a
2.1. Synthesis of E§O3; nanopatrticles high-resolution head of 1@m with a standard silicon tip.

The imaging mode was set at static-force (contact). On the
The chemicals were of analytical grade, purchased fronother hand, the absorption spectra were recorded by an Ocean
Sigma-Aldrich Co. and were utilized as received without anyOptics QE65000 spectrometer and a deuterium-halogen lamp
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as illumination source. A pulsed tunable MOPO-SL system [ i o R
. .. . . Image sizé[pixels]: 1024X1024

from Spectra-Physics was utilized as excitation source to ob-f;": © T EEFE

tain the luminescence spectra. The emission light from thel" S SEs

samples was dispersed with a SpectraPro 500-i spectrograp/

from Acton-Research and the signals were monitored with ag
R7400U-01 PMT from Hamamatsu. All measurements were
performed at room temperature.

3. Results and discussion

3.1. Size, structure and morphology of EgO3 nanopar-
ticles

Figure 1 shows the recorded XRD pattern of the@yr 2048
nanoparticles, which is indexed as crystalling@y with cu-
bic structure (JCPDF file 77-0777). No characteristic peaks
of impurities were observed on the pattern. The size of
the nanoparticles was calculated by the Scherrer’s formula:
d = 0.9\/Bcosf, where\ is the X-ray excitation wave-
length, 6 is the Bragg angle ang is the experimental full
width at half maximum for the strongest reflection peak (222)
for Er,O3. The calculated size was about 32 nm.

Confocal microscopy and AFM were utilized to deter-
mine the morphology of the nanoparticles. Figure 2 shows
an optical microscope image of the;B; nanoparticles. The
amplification was insufficient to estimate the size or shape.
However, the micrograph suggests that most nanoparticles
were agglomerated in clusters. On the other hand, AFM im-
ages were recorded in order to study the morphology of the
samples with more detail, as shown on the micrograph of
Fig. 3. The nanoparticles had spherical shape with a peak;_
of the size distribution centered at 40 nm (not shown), as cal-
culated by the Feret's diameter measured from AFM images.

FIGURE 2. Confocal microscope image of #D; nanopatrticles.
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FIGURE 3. AFM micrograph of EsO3 nanopatrticles.
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3.2. Optical characterization of Er,O3 nanopatrticles

3.2.1. Absorption spectrum
| PDF #77-0777 Er,0, ‘ | . . _
. " - " 5 " 2 " A Figure 4 shows the absorption spectrum of theQsr
20 nanoparticles within a wavelength range from 350 nm to 980
nm. The spectrum depicts characteristic absorption bands of
FIGURE 1. XRD pattern of the EfO3; nanoparticles and the refer- erbium ions, and were identified as the Stark levels associated
ence data of PDF # 77-0777 for pure;Bg. with the2*1 L ; manifolds of the electronic energy configu-

ration of EP* [3].
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FIGURE 4. Absorption spectrum of the EDs nanoparticles with

. . FIGURE 5. Luminescence spectra at room temperature fro. r
the corresponding excited states of E(4 /). P b $0E:

nanoparticles at different excitation wavelengths: (a) 525 nm, (b)
805 nm and (c) 975 nm.

TABLE |. Experimental energy levels and absorption energies of g3+ down conversion and upconversion. The stronger emis-

Er*in Er205 sion bands were centered at 560 nm and 680 nm and are
2541 a A(nmy’ oD Eexp(cm1)? 4alt:tributed 4tlo radiative tranlsit[g]n%rsﬁml — Y152 a_nd_
1 9/ — *l15/2, respective . The less intense emission
e 981 0.12 10190 ban/d in the reéion ofp510—53}(/) nm is assigned to the transition
\ 973 0.12 10271 ?Hy1/5 — *l15/2. The position of the luminescence peaks
lo/2 811 0.08 12318 was similar for each excitation wavelength, although the red
800 0.11 12507 emission had different intensities. Table Il shows the ener-
“Fo,a 657 0.16 15202 gies of the green and red emissions from @y irradigted
652 0.15 15337 at 975 nm. Our results show a good agreement with these
4 reported by Chandret al[22].
Ss/2 549 0.1 18214
Hi1 )2 522 0.28 19157 3.2.3. Excitation mechanisms
“Fr/o 490 0.14 20408 . , ) ,
iEy 453 0.09 22052 The S|mpllf|ed ex_C|te_d levels diagram of Eron Fig. 6a
) shows direct excitation of Et from the ground state to
Ho /2 409 0.1 24467 ®Hy1/, at 525 nm pump wavelength. Frofi,, , state,
‘G112 379 0.21 26385 Er** underwent the radiative transitidiy o — *l11/2, @s
1Gys 366 0.12 27322 well as multi-phonon relaxations to the lower lying excited
aStark levels of Et* (4f11). states*S; /2 and*F, /2. Radiative decays from these states

produced the depicted green and red emissions, which are re-
ported so far [9].
It is well known that up-conversion is produced by mech-
anisms such as excited state absorption (ESA) and energy
Table | shows the analysis of the experimental energy leviransfer (ET) processes. ESA process involve a single ion,
els related to the absorption spectrum of our samples. Theg#d thus is often related to materials with low dopant con-
results were in good agreement with the experimental valuetent, while ET usually involves the interaction among two or
reported by Grubeet al. [21] for EP** in nanocrystalline ~more ions and depends on the dopant content [23]. There-
Er,O;3 and for EF*:Y505. fore, the most probable process in our samples was ET, be-
cause the high erbium content in,Bx;, as reported on [24].
3.2.2. Luminescence properties fron‘haé nanopartic'es Th|S faVOUrS ET due to a redUCtiOI’l Of the distance betWeen
Er3t [25]. Figure 6b shows the proposed excitation paths of
Visible luminescence from Ef was obtained by pumping Er?t irradiated at 805 nm. The absorption of 805 nm pump
the EpO3 nanoparticles at 525 nm, 805 nm and 975 nm. Fig-photons excited erbium ions froﬁh5/2 ground state télg/Q
ure 5 shows the recorded spectra within the wavelength rangaate. Subsequently, these ions interact through the ET pro-
from 500 nm to 700 nm. These spectra are characteristic o€ess {15 + *lg/2)—(*Hy 2, *l15,2), thereby enabling the

bPeak of the Absorption wavelength.
¢Optical Density (Peak values).
dExperimental energy of transitions.
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TABLE II. Experimental transition energies of*rin Er,Os. % s :

2SHL e Xnm)  O.DS  Transitio  Eg.,(cm!)° L

2H11/2 525.57 0.05 T—2Z3 19026 .
526.56  0.06 T—2Z4 18991 %,
532.64  0.04 T—Zs 18774 i
535.37 0.05 T—Zs 18678 ,
539.68 019 T—Zs 18529 i " I

1S3, 54635 013  Y—Z» 18303 EHEE sl e HE - - 2
54731 023  Y—Zs 18271 AT 4 T 4 :
548.88  0.30 Yy—27z; 18218 a b c
549.87 0.21 U—2> 18186 FIGURE 6. Simplified energy-levels diagram of £r and the exci-
551.45  0.27 U—2Zy 18134 tation paths proposed for: (a) the down conversion emission bands
554.18 0.44 U—sZs 18044 obtained with 525 nm excitation, (b) the green up conversion lu-

minescence for 805 nm and 975 nm excitation wavelengths and (c)

556.91 0.24 U—Zs 17956 o 4 . -
Excitation of*F, state by pumping the EO3 nanoparticles at
561.61 040 Y—Zs 17805 805 nm and 975 nm.
564.17 1.00 Y—7Zs 17730
4
Fy/o 648.10 0.05 ¥—2Z; 15429
i . . 4
64968  0.06 Vo Zy 15392 3.2.4. Red up-conversion Iumlnescerﬁd‘egg2 — *ly5/2)
65241 014 NM—Z, 15327 Figure 6c shows the proposed excitation paths iy
654.57  0.19 V—Zs5 15286 state when E¥t is irradiated at 805 nm and 975 nm. Sub-
656.15  0.16 \—Z4 15240 sequent no-radiative decays populaf’évg/g state, which
658.09 021 VM—7Z, 15195 is related with the population ofFy,,. The correspond-
659.67  0.33 Vo Zs 15159 ing exqtatl(_)n mechanism are described on [23], where
66161 049 . 15114 an erbium ion reaches th‘éll3/2 state by the cross re-
: ' ¥—2 laxation (S;/, *l15/2)—(*lg/2,%l13/2). Subsequently,
663.18 027  M—Zs 15078 the interaction among excited erbium ions through ET
664.96 040 VY—Z;s 15038 (*ligj2, M1 /2)—(*Fg )2, “l15/2) leaves an Er" in the
668.67  0.26 V—Z7 14955 ground state and the other in the excited s‘tﬁggg.
669.66 0.30 V——Zg 14932 The spectra depicted on Fig. 5 show a variation of the red
673.77 025 7y 14841 to green emission ratio upon the wavelength excitation. The
67455 025 VZs 14824 trend of the |_ntegrated areas from the luminescence spectrais
676.89 051 5 14773 shown on Fig. 7, where the smallest red area corresponded
' ' ¥—2Zs to the excitation at 525 nm. This is expected as the non-
680.1 030  M-—Zs 14703 radiative transitiortS; ;, — *Fg 5 involves the emission of
684.15 063 \V—Zs 14616 several phonons to bridge the energy gap betw&sp, and
aStark levels of EF+ (4f11). 4F9/2 states, which limits the red emission at some extent.

The depicted rise of the red areas for 805 nm and 975 nm
pump wavelengths may be explained in terms of the oscil-
lator strengthf, or equivalently, the transition probabilities,
where a value of ~ 1 represents a strong transition, while a
forbidden transition might havé ~ 09 [30]. The oscillator
strength is calculated by the following expression [31]:

b Absorption wavelength.

¢ Optical Density.

4 Radiative transitions from the Stark levels;, Un and Vh.
eMeasured energy of transitions in%er excited at 975 nm.

excitation of2H9/2 [26]. Figure 6b also shows the popula-
tion of next lower statedFs 5, *F7 /o and4lll/g—483/2 by Fe 1 /O.D.)\(/\)d/\,
no-radiative decays, as on Ref. 27. Then th&'Hgave the 108.9¢l
depicted green luminescence from these excited states [28lwhere( is the concentration of the &F (mol/L), I is the path
The population paths of Er pumped at 975 nm length (cm) andD.D. is the optical density in wavenum-
are shown on Fig. 6b. The first Er excited state is bers. The calculated oscillator strength for the transition
4I11/2, whose lifetime is around 10 ms, as reported for4F15/2 — 4I11/2, was f = 0.40; whereas a value of
an oxide-based matrix [29]. This lifetime enables thef = 0.12 was obtained foi‘lls/g — 4I9/2. A similar trend
population of the manifoldl11/2—483/2 by the ET process is found in the literature [32,33]. These results suggest an
(12 + H11j2)— (1S3 2+ 115)2). increase for the red emission from the former transition as a
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FIGURE 7. 7 Integrated luminescence fromJ&¥; nanoparticles
pumped at: (a) 525nm, (b) 805 nm, and (c) 975 nm.

larger amount of erbium ions could reach t‘f&/Q state

131

The latter are in agreement with the cross sections re-
ported elsewhere for the involved transitions: the absorp-
tion cross section fo‘r‘l15/2 — 4|11/2 has a value of 3.2;
whereas the value reported for the transition ,» — *lg/»
is 1.7 for glasses doped with D3 [34]. Cross sections,
not calculated here, quantify the ability of an ion to absorb
and emit light. There are several works that report this pa-
rameter with similar values in different hosts, which support
our assumptions regarding the effect of the different pumping
schemes on the red emission.

4. Conclusions

We report the synthesis, structural and optical characteri-
zation of EpO3 nanoparticles stabilized with ascorbate lig-
ands. The recorded spectra shown intense and sharp lumi-
nescence peaks for the greet${, — *I,5,,) and red
(*Fgj2 — *l15/2) emission bands centered at about 560 nm
and 680 nm, respectively. An enhancement of the red emis-
sion was recorded for up-conversion luminescence. This was

by pumping at 975 nm, in comparison to these excited aglue to the influence of the phonon-assisted population mech-

805 nm.
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