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We present the structural and optical results of (100 —x)SiO2:xZnO compounds with x=0, 20, 40, 60, 80,
and 100, containing 1 mol% of Er>* prepared by a simple chemical route. It was evaluated the crystal-
lization effect on the erbium ions emission around 1533 nm due to 4113/2—>4115/2 transition. Structural
analyses using X-Ray Diffraction (XRD) and Fourier Transform Infrared Spectroscopy (FTIR) techniques
showed that the prepared material present crystalline phases, the ZnO hexagonal (Zincite) and Zn,SiO4
rhombohedral. The relative content of crystalline phases as well the optical emissions in the infrared
region are dependent on the composition and heat treatments. High-resolution transmission electron
microscopy revealed average 5 nm sized Zn,SiO,4 nanocrystals homogeneously dispersed into amorphous
silica-based matrix. The Er>* doped Zn,SiO, crystalline phase are the most promising material to be used

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Rare-earth ions when incorporated into semiconductor mate-
rials have interesting optical properties that can be used in min-
iaturized opto-electronic systems. Erbium ions (Er**) present
special luminescent properties due to 4f intra-levels with emis-
sions in the ultraviolet, visible and infrared regions [1-7]. The
efficiency and line shape of the emission spectra depend on the
matrix in which erbium ions are inserted. Er** line emission
around 1533 nm (~0.809 eV), corresponding to the *I;z;, —*l15/2
transition, is very useful in telecommunications due to the low
propagation loss in silica fibers at 1.5 um. Miniaturized systems
require a host with high rare-earth dispersion, especially for
optical amplifiers. Silica has been known as an excellent material
for applications in telecommunication, as waveguides and optical
amplifiers, but its low rare-earth solubility ( < 1 x 10'® ions/cm?) is
a serious drawback for the miniaturization of integrated optical
systems [8]. Zinc oxide (ZnO) can play an important role in such
systems because it can breakdown the silica links (Si-O-Si)
favoring the incorporation of higher erbium amounts, by com-
paring to the pure silica, due to the formation of non-bridging
oxygen (Si-O~, NBO). And also, ZnO can increase the absorption
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cross-section at ultraviolet (UV) region favoring the energy
transfer to the rare-earth ions [9]. On the other side, the
wide bandgap semiconductor ZnO exhibit unique physical prop-
erties, like visible luminescent emissions under UV excitation
depending on the diameter and shape of nanoparticles. Thus,
ZnO nanostructures appear as a promising material for opto-
electronic devices [2,10-14]. For example, amplifying planar
waveguide structures in Er-doped nanocrystalline ZnO films were
prepared at 800 °C with a lifetime of about 7 ms due to I3, Er**
level [15,16].

Recently, Lo et al. [17] shown that single-crystalline Er-doped
ZnO nanorod present an enhancement of 1540 nm emission when
grown on Ag island film with appropriate annealings. Panigrahi
also obtained almost uniform quantum dots of ZnO of 2-4 nm
sized encapsulated within a SiO, matrix, but any optical properties
were investigated neither the Er>* incorporation [18].

Some recent works have reported on the SiO,-ZnO powders
and films in which white-light emissions were related to oxygen
vacancies under UV excitation [19-22]. Such SiO,-ZnO materials
were prepared by radio-frequency (RF) sputtering [23], magnetron
sputtering [24], pulsed electron-beam deposition (PED) [2],
supercritical water method, and conventional sol-gel process [25].
Here, a simple and efficient synthesis route to prepare rare-earth
doped SiO,-ZnO materials is presented. In fact, there are no
reports about the synthesis and near infrared emission of the
(100—x)Si0,:xZn0 system containing Er**, according to our
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knowledge. However, some works report on the visible emissions
of doped Zn,SiO4 crystalline phase, known as Willemite [26,27]
and Baker et al. [28] have studied the Er** emission in the Will-
emite phase obtained by the vapor method.

In this work, we describe a synthesis route that uses a low cost
combined sol-gel and polymeric precursor methodologies. The
preparation procedure is conducted at room temperature, no
atmosphere or pH control is required to prepare transparent sols
and homogeneous gels, which is essential to prepare multilayered
films and homogeneous powders. The chemical synthesis used
allowed obtain powder compounds from the SiO,-ZnO system,
and its structural and optical properties were investigated using
X-Ray Diffraction (XRD), Fourier Transform Infrared Spectroscopy
(FTIR), High-Resolution Transmission Electron Microscopy
(HRTEM) and Photoluminescence (PL) measurements. The opti-
mized composition of this binary system that exhibit high infrared
emission from erbium ions was determined.

2. Experimental details
2.1. Powder synthesis

The used synthesis route focused on the formation of a polymer
organic/inorganic network, reducing the mobility of metals,
assuring molecular level homogeneity in the matrix to prevent the
precipitation or phase segregation.

Citric acid (CA, CgHgO7, 99.5% purity from Synth) was dissolved
in ethanol (EtOH, C;Hs0H, 99.5% purity from Chemycalis) at ratio
of 1.0 g to 3.0 mL, followed by the addition of zinc nitrate hex-
ahydrate (Zn(NOs), - 6H,0, 98% purity from Vetec). To this solu-
tion, erbium nitrate pentahydrate (Er(NOs);-5H,0, 99.9% purity
from Aldrich) previously dissolved in ethanol at ratio of 1.0 g to
10.0 mL was added. Tetraethyl orthosilicate (TEOS, (C;Hs0)4Si, 98%
purity from Merck) and ethylene glycol (EG, C;HgO,, 99.5% purity
from Merck) were added to the solution under vigorous stirring.
The molar proportion of CA to Metals (Zn+Er+Si) was 3:1, and CA
to EG was 3:2.

The citric acid reacts to form metallic citrates complexes,
avoiding precipitation. Ethylene glycol was added to form polymer
chains linking the metal citrates by polyesterification reactions. All
synthesis occurred in open containers under constant and vigor-
ous agitation at room temperature. After synthesis, the sols were
aged for 12 h at room temperature. Using this methodology, stable
sols and transparent gels were obtained.

2.2. Heat treatments

The first heat treatment was performed at 150 °C for 24 h to
eliminate the solvent and adsorbed water, obtaining a homo-
geneous dried gel. Afterwards, the gel was submitted to heat
treatment at 400 °C for 24 h to eliminate organic compounds. The
materials were crushed in agate mortar and annealed at 800, 900,
1000 or 1100 °C for 2 h in air, into alumina crucibles, using a
conventional furnace with heating rate of 5 °C/min.

2.3. Analytical methods

The structural features were monitored using an X-ray dif-
fractometer from Shimadzu, model XRD-6000, operating with Cu
Ko radiation at 1.54059 A in the 0-260 Bragg-Brentano geometry,
using scan rate of 2°/min.

The Fourier transform infrared (FTIR) spectra were collected
in a BOMEM MB 100 spectrometer to evaluate the vibrational
modes of the synthesized materials, and the elimination of
hydroxyl groups (OH). Sample powders were dispersed in KBr

and pressed to form transparent pellets, and the measurements
were performed in transmission geometry with resolution of
4cmL

The infrared emission spectra were studied under excitation at
980 nm from a diode laser with 200 mW of power. A mono-
chromator and an InGaAs photodiode were employed to collect
the signal from 1400 nm to 1700 nm.

For the PL decay emission at 1533 nm of Er>* ions, a diode laser
operating at 980 nm with 200 mW of power was used as excita-
tion source, a silica lens with focal length of 100 mm to focus the
excitation in a chopper with frequency of 10 Hz from Scitec, a
digital oscilloscope from Tektronix 200 MHz to analyze the emis-
sion signal detected by a InGaAs photodetector. Between the
sample and the photodetector a RG1000 filter was inserted to
eliminate the laser light reflection. A monochromator selected the
emission at 1533 nm with a resolution of 5 nm.

High-resolution transmission electron microscopy (HRTEM)
images were acquired using a JEOL microscope, JEM-2100, oper-
ating at 200 keV. Statistical histogram was obtained analyzing the
HRTEM images.

3. Results and discussion
3.1. Structural properties

Fig. 1(a)-(d) shows the XRD patterns of powders with different
composition annealed at 800, 900, 1000 or 1100 °C. The open
circles correspond to the diffraction peaks of ZnO Hexagonal
crystalline phase, named as Zincite (JCPDS Card no. 36-1451) and
the solid lozenge corresponds to the diffraction peaks of Zn,SiO4
rhombohedral crystalline phase, named as Willemite (JCPDS Card
no. 70-1235).

The powders with x=0 (100SiO,) show no diffraction peaks
and for all the samples only a broad band corresponding to an
amorphous phase and centered at around 21° was observed, even
for the samples calcinated at 1100 °C. For heating treatments from
800 °C to 1100 °C, the samples with x=20 (80Si0,:20Zn0) are
partially crystallized, presenting, in addition to the amorphous
phase, the Willemite (#) and an unknown phase (?). The diffrac-
tion peaks of the unknown phase increase its intensity as the
heating temperatures increase, becoming well defined at 1100 °C.
For x=40 (60Si0,:40Zn0) it was observed at 800 °C and 900 °C
the initial crystallization of Willemite and unknown phase, how-
ever, at 1000 °C and 1100 °C only the Willemite phase was present.
Three phases were observed at 800 °C for x=60 (40Si0,:60Zn0):
the Willemite (#), Zincite (O) and unknown (?) phase, being the
Willemite the single phase observed at higher temperatures. In the
powders with x=80 (20Si0,:80Zn0) there is a mixture of the
Willemite, Zincite (major phase) and unknown phases at 800 °C.
At higher temperatures the two phases Willemite and Zincite are
crystallized, with about the same proportion. Finally, powders for
x=100 (ZnO) present just the expected Zincite phase in all tem-
perature range.

In fact, it was determined the combined ranges of compositions
and temperatures for which only Willemite phase (Zn,SiO,4) is
synthesized. For x=40 the single Willemite phase is obtained in
the temperature interval from 1000 to 1100 °C, and for x=60
similar results was obtained in the 900-1100 °C range. Note that,
as the Zn,SiO, crystalline phase has 33.3Si0,:66.7ZnO molar
ration, the SiO, excess appears as amorphous phase for both x=40
and 60 compositions. Table 1 summarizes the results regarding on
the amorphous and crystalline phases depending on the compo-
sition and heat treatment.

Fig. 2 shows the FTIR spectra of samples with different compo-
sition annealed at 900 and 1100 °C. The spectra were deconvoluted
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Fig. 1. X-ray diffraction patterns of (100 —x)SiO,:xZnO powders containing 1.0 mol% of Er>* annealed at (a) 800 °C, (b) 900 °C, (c) 1000 °C, and (d) 1100 °C.
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Compilation of the XRD results.

26 (Degrees)

26 (Degrees)

Temperature (°C)

X
value 800 900 1000 1100

0 100% A 100% A 100% A 100% A
20 A+W+? A+W+? A+ W+ 2 A+ W + 7
40 A+ W+ ? A+W+? 100% W 100% W
60 A+W+?2+2Z \ 100% W 100% W 100% W
80 A+W+7?+2Z \ W+ 2Z W+ 2Z W+ 2Z |
100 A+2Z \ uoo%z 100% Z 100%2W

A = Amorphous, W = Willemite, Z = Zincite, and ? =

in Gaussian curves and the peaks positions were listed in Table 2.
The green curves are attributed to the vibrational modes of SiO,
structure, the red ones are due to the vibration of ZnO hexagonal
structure, those in blue are from Zn,SiO4 crystalline structure, and
the orange curves are due to the unknown phase derived from

silicate and zinc oxide.

unknown phase.

665

As reported by Sharma and Bhatti [29] and Wu et al. [30], the
Zn,Si0, crystalline phase shows vibrational modes at 396 cm
(V4-Si04), 460 cm~! (v4-Si04), 578 cm~! (v41-Zn0,), 616 cm ™!
(v3-Zn0,4), 870cm~' (v4-Si04), 900 cm~! (v5-Si04), 934 cm™!
(v3-Si04), 978 cm ™~ (V5-Si04), 1080 cm ™~ (v5-Si-O-Si), where ‘vy’

-1

is the symmetric stretching, ‘v3’ is the asymmetric stretching and
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Fig. 2. FTIR spectra of (100 —x)SiO,:xZnO powders containing 1.0 mol% of Er** annealed at (a) 900 °C, and (b) 1100 °C. (For interpretation of the references to color in this

figure, the reader is referred to the web version of this article.)

Table 2

Wavenumber (cm™)

Vibrational band position for different samples annealed at 900 and 1100 °C [43,44].

X value 0 20 20 60 80 100
Tempe- .
rature 900 1100 900 1100 900 1100 900 1100 900 1100 900 1100 Assignments Phase
(°c)
413 400 418 403 - - - - - Un-polymerized SiO4 a-Si0;
- - - g 428 | 400 418 - - v4-5i04,[29] Willemite
466 466 - 458 441 - - - - Un-polymerized SiOg4 a-Si0.
- . - . - - - - 418 | 424 | 404 | 432 Zno,[43] Zincite
461 | 461 | 467 | 460 | 459 | 459 B 459 - - v4-Si04,[26] Willemite
- N - - 534 | 494 | 494 | 525 Zno,[43] Zincite
- 542 | 551 | 550 - 542 | 569 - 561 - - - - Si0; a-Si0,
-E - - - 572 | 573 | 575 | 573 | 582 | 578 | 579 B v1-Zn04,[29, 30] Willemite
-~ - - 607 | 613 | 625 | 617 | 617 | 617 | 615 | 613 - v1-Zn04,[29] Zn,Si0,
c _ _ - 661 | 648 | 609 | 630 Zno Zincite
o - 758 | 783 | 748 - 690 - - - - Si0; a-Si0,
799 | 785 | 799 | 779 | 800 | 788 B - Si03,[43] a-Si0,
i 833 | 818 | 821 804 850 | 829 | 833 | 858 | 859 - S's'?r;st'c;iyn"é"gg']m a-Sio;
(] - - - - 868 | 863 | 862 | 860 | 867 | 866 B v1-Si04,[1] Willemite
o - - 887 | 897 - 893 | 897 | 898 | 897 | 889 - Si-O4 bands,[30] Willemite
T B - 916 - 918 B 928 | 930 | 931 929 - v3-Si04,[29] Willemite
c 945 | 912 | 949 | 947 | 958 | 939 | 935 | 935 - 943 - Un-polymerized SiO4,[44] a-Si0,
© N N _ - _ R
oM . - 983 | 1000 | 989 | 984 | 985 | 983 | 983 | 981 - Si-O4 bands,[30] Willemite
Polymerized SiO4,[31] Si- Y
1012 | 1003 | 1022 | 1032 | 1037 | 1041 - 0.5 bands.[30] a-Si0,
- - 1060 | 1088 | 1076 | 1091 - B - 1074 | - - v3-Si-0-5i,[29] Willemite
1072 | 1094 | 1105 - - 1103 | 1116 | 1140 B B - Polymerized Si04,[31] a-Si0,
1205 | 1200 | 1184 | 1188 | 1151 | 1170 - - Polymerized Si04,[31] a-Si0,
1379 | 1379 | 1319 | 1392 - - _ - COO" or CH,,[29] -
1645 B - g - - Si-OH,[29] -
3450 . - . Si-OH,[29] -

‘v4’ is the asymmetric deformation vibrations, respectively, in good
agreement with the present results (Table 2). The samples for x=0
annealed at 1100 °C (100SiO,) have bands centered at 400, 466,
551, 758, 785, 818, 912, 1003, 1094, and 1200 cm~! of Si-O-Si
vibrations, while ZnO crystalline structure (x=100 at 1100 °C)
possess bands at 432, 525 and 630 cm™~ . The main peaks in the
spectra, localized around 1000 and 1200 cm~!, are typical of
silica-based glassy materials. According to Almeida et al. [31], the
band localized at 1075cm~! is assigned to the asymmetric
stretching of the transversal optical component, while the
shoulder around 1185 cm™! is attributed to the stretching of the
longitudinal optical component of the Si-O-Si group, evidencing

formation of the SiO, network. This shoulder at around 1185 cm ™!

is more evident in systems with high porosity [32].

In this sense, this work shows that the relative absorption band
around 1185 cm~! decreases as a function of the ZnO content. This
behavior is an indication that the heat treatment promotes den-
sification of the materials, as observed from the band assigned to
the OH groups (band centered at ~3450 cm~!), whose intensity
reduced as a function of the ZnO content (Fig. 2(a)).

The absorption peaks at 1645 cm~' and 3450 cm~' become
less intense as the heating temperatures and ZnO content increase.
Weak O-H stretching can be found in sample annealed at 900 °C
due to water absorption from the surface or internal silanols and
alcohol during the synthesis [29]. The heat treatment at 1100 °C
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for x=40 and 60 almost eliminate the hydroxyl groups, as mon-
itored by the intensity of the absorption at around 3450 cm ™.
The band at 1379 cm ™! for x=0 and x=20 are due to COO~ or
CHj; groups from citric acid. Efficient elimination of these organic
groups was observed, mainly at high ZnO concentration and
annealing temperature, suggesting that Zn?* jons act as catalyst.
The temperature and ZnO concentration are important to
control the structural properties, with emphasis on the erbium
ions distribution in the host, and the complete elimination of
organic and/or hydroxyl groups. The homogeneous distribution of
erbium ions is important to avoid cluster formation, which may
give rise to non-radiative decay by the energy migration between
rare earth ions and consequently leading to luminescence
quenching. On the other hand, the hydroxyl and organic groups
can promote non-radiative decay of the excited levels of Er>* ions
by multiphonon relaxation, which also can contribute to quench
the luminescence reducing the emission quantum efficiency [9].
In fact, some structural parameters can play important role on
the Er** ion emissions, as well its emission band broadening,
transition probability, emission intensity, metastable level lifetime
and radiative emission quantum efficiency, such as phonon energy,
refractive index of the host, the concentration and dispersion of
ions in the matrix, and the local structure (symmetry) around the
rare-earth ions. The phonon energy is related to the non-radiative
transition probability of the doped rare-earth ions. Furthermore,
the refractive index has an influence on the emission cross-section
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of rare-earth ions. Wide infrared transmittance and good chemical
stability are other characteristics that can take into account for the
development of Er®>*-doped amplifiers based on glasses or glass-
ceramics. Moreover, the modification of the rare-earth spectral
properties by addition of zinc oxide within glasses can be pro-
mising to obtain a broad amplifier bandwidth with an intrinsically
flat gain required in the development of optical transmission
network. The presence of hydroxyl within the matrix has a great
influence on quenching effects on the excited levels of Er>* con-
cerned with the radiative emission. A decrease in the hydroxyl
concentration is necessary, and consequently, the damaging effect
induced by migration to impurities like hydroxyl groups should be
limited [33,34].

The mixture of crystalline and amorphous phases in our sam-
ples can be of great interest to increase the emission intensity and
broadening around 1533 nm (0.809 eV) due to the transition
between “l;35; and “I;sj, levels of Er** ions.

The effect of Si0,:Zn0O relation and annealing temperature are
also critical, as will be discussed bellow.

3.2. Optical studies

The photoluminescence (PL) emission spectra are shown in
Fig. 3 for different compositions and heat-treated from 800 °C to
1100 °C under excitation at 980 nm. The Er>* emission in the NIR
region due to the *l;3,— I35/, transition, collected from 0.886 eV
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Fig. 3. Photoluminescence emission of (100 —x)SiO,:xZnO powders containing 1.0 mol% of Er** annealed at (a) 800 °C, (b) 900 °C, (c) 1000 °C, and (d) 1100 °C excited at

980 nm.
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(1400 nm) to 0.730 eV (1700 nm), shows a broad band centered on
0.809 eV (1533 nm), with no evidence of visible upconversion PL
even at 250 mW pump powers. This infrared emission is affected
by the host site of the rare earth ion, in which the influence of
Stark effect on metastable level 4113/2 of Er*>* ions was observed.

Only samples containing both SiO, and ZnO annealed at 800
and 900°C emit in the near infrared region, showing pre-
dominantly Er>* ions in an amorphous phase. For heat treatment
at 1000 °C, only sample with x=20 possess a better defined Stark
effect similar to that measured for powders annealed at 1100 °C.
Moreover, samples with x=20, 40 and 60 present a well defined
Stark effect, suggesting the dispersion of Er** ions into Zn,SiO,4
rhombohedral phase, which was characterized by XRD and FTIR
analysis. These mixed composition present emission spectra with
full width at half-medium (FWHM) between 40 and 48 nm, in
contrast with x=0 sample (SiO,) having FWHM of 25 nm. Zam-
pedri et al. [35] have found a FWHM of about 51 nm in a 1.0 mol%
Er®* doped 80%Si0,:20%TiO, thin films annealed at 900 °C. Gon-
calves and co-workers [36] have measured a FWHM of 48 nm in a
0.3 mol% Er>* doped 70%Si0,:30%Hf0, waveguides synthesized at
900 °C. Recently, we have reported a bandwidth value of 34 nm in
80%Si0,:20%Zr0-, films containing 0.3 mol% of Er>* at 900 °C from
the sol-gel process [37].

Fig. 4 shows the intensity emission of Er** in the studied
system. As it can see, the higher emission occurs for the sample
with x=60 annealed at 1100 °C. This emission enhancement is
linked to the structure, mainly composed by the crystalline Will-
emite and small amount of amorphous SiO,, resulting in a high
dispersion of Er>* ions in the matrix structure.

There are two non-equivalent crystallographic Zn sites in
7Zn,Si04 rhombohedral structure with the distorted tetrahedral
coordination of oxygen. The main difference is in the average
dimensions of the two Zn tetrahedral (<Zn-0 > from 1.729 to
2.193 A), and the silicon ions are also in tetrahedral coordination
with oxygen ions (< Si-O > from 1.582 to 1.670 A), as described
elsewhere [27,38,39]. Dacanin and co-workers [38] studied the
incorporation of Eu®>* ions into Zn,SiO4 rhombohedral structure,
in which Eu"* ions may be placed at both Zn sites with negligible
differences on the PL emission spectra [38]. Also, the structure of
Zn,Si04 rhombohedral is composed by an empty long hexagonal
tube, and made up of six tetrahedral chains, as described in
reference [27]. In our x=20, 40, and 60 samples annealed at
1100 °C we observe the same spectra, suggesting that Er** ions
occupy both Zn sites of the Zn,Si0, rhombohedral structure. We
can also propose that part of the Er>* ions can be located into the
empty hexagonal tube, because the Er>* ionic radius, 0.88 A [40],
is smaller than the diameter of that tube in the Zn,SiO,4 structure.
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Fig. 4. Emission intensity (band area) for samples annealed at 1100 °C as a function
of ZnO concentration (x value).
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Fig. 5. Photoluminescence decay curve (experimental and fitting) from Er>* doped
sample containing x=60 annealed at 1100 °C excited at 980 nm.

Table 3
Experimental “I;3, lifetime values (t of Er** doped samples.

x Value Temperature (°C)

800 900 1000 1100
20 - - - 4.4+0.1 (42 nm)
40 - - - 4.6 + 0.1 (45 nm)
60 4.7+01 4.7+01 49+01 5.0 + 0.1 (45 nm)
(40 nm) (43 nm) (43 nm)
80 - - - 4.5+ 0.3 (48 nm)

In parentheses is the FWHM of the emission band at ~1533 nm (0.809 eV).

Fig. 5 depicts the PL decay curve for the “I;3; level of Er** for
x=60 (40Si0,:60Zn0) sample heat-treated at 1100 °C. The best fit
adjusted for the exponential curve was the first-order type
(monoexponential), which is representative of all other samples.
Table 3 lists the calculated lifetime values and uncertainties as a
function of the temperature and x values. It was shown only the
lifetime value of the samples presenting higher PL emissions. The
samples with weak PL emission the decay curves could not be
measured due to the sensitivity of detection system. Almost all
lifetime uncertainties are 0.1 ms, except for x=80 sample heat-
treated at 1100 °C is 0.3 ms because smaller PL emission intensity.
The average lifetime values increase for higher temperatures, and
a maximum value of 5.0 +0.1 ms was observed at 1100 °C for
x=60. Comparing the 7 values for all samples, note that x=60
possesses the highest value leading to a highest PL emission
intensity.

The 4113,2 PL lifetimes are comparable to other silicate nano-
composites doped with much less Er3* concentration [41], higher
than in phosphate glass (4.0 ms) [42], but considerable longer than
yttrium alumino based borate (0.64 ms) glassy powders [8]. Also,
Zampedri et al. [35] measured a lifetime of 3.5 ms in a 1.0 mol%
Er** doped 80%Si0,:20%TiO, thin films. Goncalves and co-work-
ers observed a lifetime of 5.0ms in a 0.3 mol% Er** doped
70%Si0,:30%Hf0, waveguides [36], and of 6.4 ms for
80%Si0,:20%Zr0, films containing 0.3 mol% of Er*>*[37]. Besides,
Mais et al. [16] have measured a lifetime of about 7.0 ms for Er
amount of 2 at% in ZnO planar waveguide structure.

In general, the lifetime of “l;3/, level of Er** ions is strongly
governed by radiative and non-radiative process. Our observations
show the mono-exponential nature of the decay at 1.0 mol% of
Er** ions with a lifetime of 5.0 ms. However, for the pure ZnO host
doped with 1.0 mol% of Er** no emission at 1533 nm could be
detected, probably due to Er** jons segregation that takes place at
high temperatures.
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Fig. 6. (a) HRTEM image, and (b) histogram of the x=60 sample annealed at 1100 °C. Statistical histogram was obtained from the HRTEM images.

3.3. Morphological characteristics

Fig. 6(a) illustrates the HRTEM images of the sample with x=60
and heat-treated at 1100 °C. The presence of Zn,SiO4, rhombohe-
dral spherical shape nanoparticles embedded into the amorphous
phase can be noted for the compound. The densification process
occurs together with the crystallization, where Zn,SiO, nano-
crystals with sizes around 5 nm are dispersed into the amorphous
silica-based matrix. The determined interplanar distance is
2.32+0.04 A, which can be related to the (223—) plane for
Zn,Si0,4 rhombohedral crystalline phase (Willemite), as compar-
able with value (2.32) in the JCPDS card number 70-1235. Fig. 6
(b) corresponds to the statistical histogram of the size distribution
of the Zn,SiO4 nanoparticles, which is narrow. These Zn,SiO4
nanosized crystalline structures could be also responsible for the
PL emission enhancement of Er*>* ions, as observed previously for
ZnO nanorods [17].

4. Conclusions

It was presented an easy and low cost synthesis route to pre-
pare homogeneous Si0,:ZnO gels and powders containing
1.0 mol% of Er** with no requirements of pH and atmosphere
control. Samples with high erbium ions concentration (1.0 mol%)
were prepared, and its structure and PL emission from “I;3; to
4115/2 transition was evaluate as a function of relative ZnO con-
centration and annealing temperature. Only rhombohedral Will-
emite phase (Zn,SiO,) was crystallized in powders with x=60
from 900 °C to 1100 °C, and with x=40 for 1000 °C and 1100 °C,
however the FTIR results reveal also a small amount of an amor-
phous phase in these samples. The x=60 sample annealed at
1100 °C presented higher PL emission in the infrared region with
average lifetime of 5.0 + 0.1 ms of the 4/13,2 level, which can be
related to Willemite phase. The Zn,SiO, rhombohedral spherical
shape nanoparticles of ~5 nm are embedded into the amorphous
phase as observed by HRTEM results. The SiO,:ZnO composite
samples containing 1.0 mol% of Er** show higher FWHM values
than SiO, ones (x=0). In the case of ZnO sample (x=100), no
emission of Er** ions were observed for this high erbium con-
centration studied.

Conclusively, the rare earth doped zinc silicate (40Si0,:60Zn0O
doped with 1.0 mol% of Er®*) material has high potential for
application as optical amplifiers in the near infrared region.
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