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ARTICLE INFO ABSTRACT

The evolution of research on luminescent phosphors led to research on materials doped with rare earth ions
(RE®"), not only because of their photoluminescent properties, but also for their potential applications in
photonics. The search for new photoluminescent materials has led to an investigation of the photoluminescence
of RE®** present in an aluminum oxide (Al,O3) matrix. This oxide has a transparent window on the short ul-
traviolet to near infrared, excellent mechanical properties and good chemical stability. Within this context, this
work aims to obtain Al,O5: Er®* /Yb®*. The preparation of Al,O3: Er®* /Yb®™ involved two synthesis processes.
For the co-precipitation process, rings of aluminum cans were used as precursors, and for the sol-gel process, the
precursor used was tri-sec-butoxide aluminum. From the XRD results, high heat-treatment temperatures were
observed to favor the formation of the a-Al,O3 phase and low temperatures were observed to favor the formation
the y-Al,O3 phase. The analysis of the photoluminescence emission spectra when excited at 980 nm, showed the
up-conversion phenomenon with an emission in the visible region. The emission spectra also showed emission
between 1400 and 1650 nm, with a maximum at about 1530 nm. The materials exhibit efficient energy ab-
sorption in the infrared region, with light emission in the visible region. Furthermore, the spectra show an
intense emission in the infrared region assigned to the I 32— s /- transition of Er™, demonstrating excellent
potential to be used in optical amplifier device at the third telecommunications window.
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1. Introduction

During the last few years, luminescent materials have been con-
sidered technologically important components, serving as the basics for
the functionality and success of many communication, lighting and
imaging systems [1-4].

The continuous evolution of research of these materials in nanoscale
structures and well controlled devices, has led to research in rare earth
(RE®H) doped materials [5-7]. Thus, the luminescence of the RE3" has
attracted much attention because of their potential applications in
photonics due to their photoluminescent properties, known since the

20th century [8-11]. Such applications include generator imaging de-
vices, traditional lighting devices such as cathode ray tubes, fluorescent
lamps, light emitting diodes, field emission displays, lasers [9], solar
cells [12], biological markers [6] in sensors technology [13], in uniform
fiber Bragg grating (FBG) [14], optical bistable device (OBD) [15], and
more.

The RE** doped host matrix that have photoluminescence proper-
ties, have narrow emission lines that come from intraconfigurational f-f
transitions due to the weak interaction of electrons with the 4f ligands
[16-18]. Transitions involve the partially occupied 4f orbital having
transitions forbidden by Laporte rule [19]. However these f-f emissions
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are allowed and intense compared to other transitions, due to spin-orbit
coupling effect, the intraconfigurational mixtures, the symmetry of the
crystal field and other effects [18]. Depending on the RE®* present, the
emissions can occur from the ultraviolet to the infrared region with
greater intensity that is dependent on properties of the host matrix
[20,21]. These characteristics have attracted attention for use in tech-
nological science materials and also to improve the fundamental studies
to understand precisely what properties are involved [9]. Among the
extensive research on RE®>*, there has been a great interest especially in
Er®™, due to its up-conversion efficiency in the visible region [6]. Fur-
thermore, these ion doped materials also contribute to the transmission
signal amplification in the third telecommunications window [22].

Materials doped with Er®* when excited at 980 nm, exhibit an
emission band attributed to *I;5/, — “I;1,», in the infrared region with
maximum at 1550 nm, a fundamental characteristic for applications in
telecommunications systems and optical amplification devices [23,24].
In this way, the Erbium Doped Fiber Amplifier (EDFA) has gained great
attention. The wavelength used in telecommunications systems is po-
sitioned in the “Third Window of Telecommunications” (C-Telecom)
[25]. This region is divided into three different regions: S band (region
between 1460 nm and 1530 nm), C band (region between 1525 nm and
1565 nm) and L band (region between 1570 nm and 1610 nm). There-
fore, it is of great industrial interest the development of materials that
offer adequate optical and spectroscopic properties to operate in the
regions between 1400 nm and 1650 nm [26,27].

In order to contribute to a higher Er** emission efficiency, since the
absorption cross section in the 980 nm region of this ion is very low,
around 1.7 x 1072  cm? [11,12], Yb®" is used as sensitizer. The Yb3™
absorption band extends over a broader region of wavelength, between
850 and 1080 nm [9,28], being the most intense at 980 nm [8,29]. The
co-doping of Yb>* produces enhancement of intense absorption due to
the high cross section of Yb®*, about 11.7 x 10~ 2! cm?, ten times more
efficient than the Er®*, thus increases the optical pumping. Therefore
the Yb®* ion can act effectively as a sensitizer of the Er®*, due to re-
sonance conditions between both, together with an efficient energy
transfer (ET) from the emission spectral overlap between Yb®* of the
transition 2Fs,, — %F;,, and absorption Er®* of the transition “Iis 2 —>
*111,2 [6,12,22]. This process is much more efficient than the excitation
directly on Er**. The efficiency of an optical fiber is related to the in-
creased bandwidth of communication systems (C-Telecom). An optical
fiber with a broadened band in this region, allows transporting several
wavelengths of light simultaneously. Thus purely optical devices are
replacing semiconductor based electronic devices, due to some ad-
vantages such as increased transmission speed and distance, broad
emission band, resistance to electromagnetic interference, low at-
tenuation of transmitted signal strength and null electrical conductivity.
Therefore, fiber based systems are undergoing a period of evolution
with the objective of high efficiency in the field of telecommunications,
for example, the amplification of the emission signal achieved by the
incorporation of rare earth ions in the fiber [4,30].

The selection of the host matrix suitable for the doping of rare earth
ions is fundamental in developing efficient materials for optical appli-
cation, since the matrix and the intentionally added impurity play an
important role in the luminescence optical amplification process,
pumping efficiency [7,13,31-34], broad band emission, as well as
chemical durability, thermal stability [6,35] and mechanical resistance
[22].

However, the search for new photoluminescent materials that have
these characteristics, led to the investigation of the photoluminescence
of RE®* present in aluminum oxide (Al,O3), which has been widely
studied as a host material to RE>* [36,37]. This material has significant
technological importance, because it offers a large window of trans-
parency, from short ultraviolet to the near infrared region [22,38]. It
has excellent mechanical properties, good chemical stability [39,40],
hardness and refractory properties which makes it an excellent candi-
date for optical applications [41], amplifiers [42]and lasers [43].
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Aluminum oxide is very popular as a dielectric material. It is believed
there are more than 15 different crystallographic phases, which can be
subjected to a variety of transitions. The most stable structure, cor-
undum (a-Al,03), with a gap Eg = 9.4 eV, is the most widely used for
practical application and has been thoroughly studied [44-47]. Other
phases of alumina, including vy, 8, n, 6, k B, x are metastable poly-
morphs. They are called transition phases, as are the intermediate steps
in the process of obtaining the a-phase during calcination [48,49].

Extensive research on the optical properties of Er’* in the alu-
minum oxide matrix has shown that it is one of the most suitable ma-
trices for Er®* [33,50,51]. The Al,O3: Er**/Yb®* may be prepared by
synthetic techniques in which the parameters that affect the optical
properties can be varied [52,53]. For example the following techniques
may be used ion implantation [28], pulsed laser deposition [54,55],
chemical vapor deposition [56], co-precipitation and combustion [3],
sol-gel method [32,43,57], among others.

The possible energy emission mechanisms of these materials can be
deducted from the energy matching conditions, which are related to the
excitation and energy transfer processes of Er’"™ and Yb®" ions [8].
Among them, the most important mechanism is the phenomenon of
upconversion. This phenomenon was defined as a nonlinear optical
process in which a wave of continuous light of low energy in the near
infrared region (NIR) (typically 980 nm) is converted into visible light
of higher energy, from the absorption multiple photons or energy
transfer [58,59].

In order to obtain materials that have higher photoluminescence
efficiency, researchers studied the effect of energy transfer between the
Yb3* and Er®" in the host Al,O5 matrix. This material was compared to
materials doped with Er®>*. Thus, they found that co-doping with Yb®™*
increased the photoluminescence of the material [29]. The excitation
mechanism follows the photoluminescence of Er®* in the *I;5,, level
with a wavelength of excitation between 890 and 1030 nm. In the
sample doped only with Er**, a narrow band centered at 980 nm can be
excited, the absorption band of Er** and extends from 955 to 1000 nm.
In contrast, when the sample is co-doped with Yb®*, the same issue
may be activated on a much larger wavelength range with a sharp peak
at 975 nm. This peak is characteristic of Yb® ™, referring to the level *Fs,
» absorption [60]. However, the sample that is co-doped with Yb3+
exhibits an effective energy transfer to Er**, resulting in an absorption
band and more intense emission. Thus considering the intensity of
photoluminescence in samples co-doped with Yb®*, this materials have
potential application in photonic devices.

The understanding of ion emission properties of Er>* and Yb®* as
well as their structural and crystalline properties will be conducted in
order to evaluate the best photoluminescent properties of the Al,O3
doped with these RE*>*. The materials will be prepared in two different
ways, by a co-precipitation method and by a sol-gel process.

2. Experimental procedure

Initially the synthesis of the Er** /Yb®* co-doped Al,03 was carried
out using a co-precipitation method. In this synthesis, aluminum can
rings and alcoholic solutions of erbium chloride, and ytterbium
chloride, previously standardized with 0.01 mol L™' EDTA. 0.5g of
aluminum can rings were dissolved in 13 mL of aqueous 5.0 mol L™*
HCl with stirring and heating for 15 min at 60 °C. After the rings com-
pletely dissolved, the doping was performed with 0.1, 1 and 3 mol% of
Er®*, and then co-doping with 1.2 mol% of Yb®*, relative to the total
amount of moles of AI**. Then the ions were precipitated using an
ammonium hydroxide solution NH;OH (Neon - 28-30%). The pre-
cipitate was centrifuged and the material was kept in an oven at 100 °C
for 4 days. The materials were crushed in an agate mortar to obtain
powders which were heat-treated at 400, 600, 900, 1000, 1100 °C for
4h to obtain the RE*" co-doped aluminum oxide.

Subsequently, the Er** /Yb®* co-doped Al,O3 was synthesized by a
sol-gel process using the tri-sec-butoxide aluminum (Aldrich- 97%)
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precursor and doped with the same amounts of RE>* reported in the co-
precipitation synthesis. Approximately 20 ml of solution (sol) was ob-
tained. Initially the solution was prepared from a mixture of anhydrous
ethanol (Exodo- 99.9%), 2-ethoxyethanol (Sigma- Aldrich- 99%), the
precursor aluminum tri-sec-butoxide, two precursor solutions of RE>*,
and hydrochloric acid (0.27 molL™1Y) as the catalyst solution. This so-
lution was kept with stirring for 15 min. The obtained sol was kept in an
oven at 100 °C for two days to obtain the xerogel. The obtained xerogels
were crushed in an agate mortar to obtain powders which were heat-
treated at 400, 600, 900, 1000, 1100 °C for 4 h to obtain Er**/Yb** co-
doped Al,Os. After obtaining the Er** /Yb®* co-doped Al,0O5 materials,
prepared by two methods at different temperatures, the materials were
characterized. The identification of the crystalline phases of the samples
was performed by X-ray diffraction, (XRD). The equipment used was a
Shimadzu XRD-6000 diffractometer using Cu Ka radiation (1.5418 A)
at scanning of 0.2°/min from 26 = 10-80° and graphite mono-
chromator. The particle morphology of the materials were evaluated by
SEM using Hitachi TM 3000 benchtop microscope. The emission spectra
between 1400 at 1650 nm in the infrared region were carried out using
a spectrofluorimeter SPEXF2121/Fluorolog Horiba Jobin Yvon, with an
InGaAs detector sensitive from 800 to 1700 nm under excitation at
980 nm using fiber couple laser diode with 2500 mW of power, at room
temperature. Subsequently, the upconversion emission spectra in the
region between 500 and 700 nm were performed using a photo-
multiplier tube to monitor the emission in the visible region. A diode
laser operating at 980 nm was used as excitation source, varying the
power excitation from 2000 at 3500 mW. Based on the energy upcon-
version emission spectrum, the chromaticity diagram was built.

3. Results and discussion

Based on the XRD analysis, the structural properties and the degree
of crystallinity of the material were evaluated fot the two syntheses
used in this study. Fig. 1 shows the XRD patterns of the samples of
aluminum oxide, synthesized by co-precipitation process doped with
1.2mol% of Yb®" and (A) 0.1, (B) 1 and (C) 3mol% of Er®* heat-
treated at 400, 600, 900, 1000 and 1100 °C. Results showed that the
diffraction pattern of the samples heat-treated at 400 and 600 °C, in-
dependent of the concentration of RE** in the matrix, had broad peaks
with the main reflections positioned at 20 = 45.6° and 66.6°. These
peaks are attributed to the y-Al,O3 phase in accordance to the crys-
tallographic cards patterns of JCPSDS N° 00-050-0741. When in-
creasing the heat-treatment temperature the crystallites on the cubic
crystalline phase are observed, however there is also the formation of
narrow peaks assigned to the crystalline hexagonal phase system as-
signed to stable corundum alumina (a-Al,O3). The phase transition
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from y-Al;03 to the hexagonal a-Al,O; phase is provoked by phase
transition of the intermediate phases present in the formation of a-
Al,0O3 phase during the heat-treatment process [61]. Therefore, the
samples heat-treated at 900, 1000 and 1100 °C, present a mixture of
two phases, y-Al,O3 and a- Al;Os.

Fig. 2 shows the XRD patterns of the samples of aluminum oxide,
synthesized by the sol-gel process. All diffractograms showed peaks that
are in accordance to the profile expected for y-Al,O3; phases and a-
Al,O3, available from ICSD database N° 99836 and 10425, respectively.
The results presented in XRD diffractograms show the mixture of two
crystalline phases y-Al,O3 and a-Al,O3 alumina, at the heat treatment
temperature of 900 °C. The same behavior it is observed for the mate-
rials obtained by the co-precipitation process.

The thermally treated materials at 1100 °C synthesized by the sol-
gel process showed finer peaks relative to the other synthesis. This is
due to having a material with a greater degree of crystallinity. In ad-
dition, other factors, such as the size of the crystallites composing a
sample and the micro-deformation, can also influence the width of the
diffraction peaks. Specifically, the diffractogram of the sample based on
aluminum oxide doped with 0.1 mol% of Er®* and heat-treated at
1100 °C presents the peaks assigned to the a-Al,O3 phase, with the most
intense reflections positioned at 26 = 25.6°, 35.2°, 43.4°, 52.6°, 57.5°,
assigned to the hkl planes (102), (104), (113), (204) and (116) re-
spectively. Based on the profiles of XRD patterns for all the samples the
crystallinity of the material is observed to increase as a function of heat
treatment temperature.

The morphological characteristics of the materials that were heat-
treated at different temperatures, synthesized by co-precipitation were
analyzed by SEM, (see in in Fig. 3. The micrographs show the different
shapes and sizes of the particles. An increase in the heat-treatment
temperature causes a formation of larger agglomerates and a hetero-
geneous morphology is favored, which can may associated with the
sintering process during the heat treatment. It is believed that the
narrow peaks observed in the XRD of the samples heat-treated at
1100°C, are associated with the presence of larger particles in the
dispersed phase a-Al,O3 phase structure. The samples containing dif-
ferent percentages of Er®" and heat-treated at the same temperature
exhibit heterogeneous particle morphology.

Fig. 4 shows the micrographs of the materials synthesized by the sol-
gel process. An increase in the heat-treatment temperature and Er®*
concentration in the host matrix favors the homogeneous morphology
and smaller agglomerates, compared to the same materials obtained by
the co-precipitation process reported previously.

The materials based on Er®*/Yb®* co-doped Al,O; prepared by the
sol-gel process are composed of more homogeneous agglomerates as
compared to the same material obtained by the co-precipitation
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Fig. 1. XRD patterns of the Al,O5 synthesized by co-precipitation, heat-treated at 400, 600, 900, 1000 and 1100 °C for 4 h, doped with (A) 0.1, (B) 1 and (C) 3 mol%

of Er®* and co-doped with 1.2 mol% of Yb3*.
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Fig. 2. XRD patterns of the Al,03 synthesized by the sol-gel process, heat-treated at 400, 600, 900, 1000 and 1100 °C for 4 h, doped with (A) 0.1, (B) 1 and (C) 3 mol

% of the Er®" and co-doped with 1.2mol% of the Yb®*.

process. This behavior may be assigned the characteristics that the sol
sol-gel process presents. The initial solution, sol, then undergoes a
drying process, removing the solvent to obtain the gel formation. This
can contribute to more regular seeds during the initial particle forma-
tion. With the evaporation of the solvent, the colloidal particles come
into contact each other and begin to build a three-dimensional more
regular network. In the case of the sol-gel process the solvents used in
the synthesis are anhydrous ethanol and ethoxyethanol. These solvents
may cause an increased rate of drying, giving agglomerates of smaller
particles sizes. These are related to the interconnection of gel structures
and tend to be reduced, unlike the synthesis via co-precipitation. In the
co-precipitation process larger agglomerates are produced, which may
be associated with the amount of hydrogen bonds formed in the aqu-
eous medium as an aqueous solution of HCl was used as the solvent and
a catalyst for synthesis.

In order to analyze the photoluminescent properties the materials
obtained were analyzed by photoluminescence spectroscopy with an
excitation at 980 nm using a diode laser. Initially alumina samples
doped with 0.1, 1, or 3mol% of Er** and 1.2mol% of Yb®* were
synthesized by a co-precipitation process and heat-treated at different

HL D10.7 x1.5k 50 um

50 um

HL D10.7 x1.5k UFSJ

temperatures for 4 h for comparison of the spectroscopy behavior. The
analysis of the photoluminescence emission spectra with an excitation
at 980nm, presented the upconversion phenomenon with intense
emission in the visible region. In Fig. 5 and Fig. 6 the emission spectra
are shown obtained at room temperature of the materials synthesized
by co-precipitation, respectively, under the same conditions of excita-
tion, 980 nm.

All bands present in the emission spectra shown in Figs. 5 and 6 for
the materials obtained from both synthetics routes, are attributed to
intra-configurational f-f transitions of the Er®*. Three emission bands
are clearly observed. The two positioned in the green region are as-
signed to the 2Hj;,,— *I1s2 and ?Ss, — *I;5/, transitions with a
maximum emission peak at 525 and a shoulder around 548 nm, re-
spectively. The third one is positioned in the red region of the elec-
tromagnetic spectrum, with maximum of emission at 660 nm, attrib-
uted the *Fq,, — *I;5,, transition.

Qualitatively analyzing the emission spectra, the emission band
located in the red region is more intense than the emission in the green
region, for most spectra except the spectra of the samples containing
1 mol% of Er®™ heat-treated at 900 and 1100 °C obtained from the co-

HL D10.7 x1.5k 50um  UFSJ HL D10.7 x1.5k 50 um

50 um

HL D10.7 x1.5k 50um  UFSJ HL D10.7 x1.5k

Fig. 3. SEM images of the Al,O3, synthesized by co-precipitation, heat-treated at 400 and 1100 °C for 4 h, doped with (A) and (D) 0.1, (B) and (E) 1 and (C) and (F)

3mol% of the Er®" and co-doped with 1.2mol% of the Yb**.
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Fig. 4. SEM images of the Al,O3, synthesized by the sol-gel process, heat-treated at 400 and 1100 °C for 4 h, doped with (A) and (D) 0.1, (B) and (E) 1 and (C) and (F)

3mol% of the Er’" and co-doped with 1.2mol% of the Yb**.

ALO_: 0.1% Er*'/1.2% Yb*" _ 900°C

ALO,: 1% Er’/ 1.2% Yb*™ _900°C

ALO,: 3% Er’'/1.2% Yb™ _900°C

(A) . 4 (B) y (C) T
) H — oz e m 2H11/2_’4|15/2 s s ' o
= 112 1512 &0 i)
c = —— 3500 mW =

. — 3500 mW S 3200 MW = —— 3500 mW
Q2 —— 3200 mW a 2900 mW a — 3200 mW
& 2900 mW 5 —— 2600 mW ©
= —— 2600 mW - 2300 mW g
= 2300 mW 2 —— 2000 mW, z
[0} —— 2000 mW 7 ‘»
2 o] o)
= N E 'S, £

Sm—— |15/2 = 312 15/2 =
500 550 600 650 700 500 550 600 650 700 500 550 600 650 700

Wavelength (nm)

Wavelength (nm)

Wavelength (nm)
ALO_: 0.1% Er/1.2% Yb™ _1100°C  ALO,: 1% Er'/1.2% Yb™ _1100°C  AL,0,: 3% Er*"/ 1.2% Yb*" _ 1100°C

(D) (E)

15/2

Intesity (arb. units)
Intesity (arb. units)

550

700 500

Wavelength (nm)

— 3500 mW 4F - 4|

——3200mW " gp2 15/2
2900 mwW

—— 2600 mW

2300 mwW
——2000 mW

600
Wavelength (nm)

Intesity (arb. units)

550 600 650
Wavelength (nm)

650 700 500 700

Fig. 5. Photoluminescence emission spectra of Al,0Os, synthesized by the co-precipitation, heat-treated at 900 and 1100 °C for 4 h, doped with (A) 0.1 and (D) 0.1, (B)
and (E) 1 and (C) and (F) 3mol% of the Er** and co-doped with 1.2mol% of the Yb®*.

precipitation method and the samples containing 3 mol% of Er>* heat-
treated at 900 °C obtained from the sol-gel process. Nevertheless, this
small difference, does not change the main effect present, the width of
the emission bands. For all emission bands a similar characteristic is
observed in which the band presents inhomogeneous broadening, that
can be associated with the position of Er®™* in different symmetries in
the Al,O3; matrix. This associated with the presence of different crys-
talline phases or different site of symmetry available in the Al,O3 host
matrix. The broadband emission it is associated to the energy level
splitting of Er** provoked by the different ligand field effect of each
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symmetry available in the host. Similar effect were observed by Aquino
et al. (2013) [4], Ferrari, et al., 2010 [24], Ferrari et al. (2011) [25],
Ferrari et al. (2011) [27].

Another very important point aspect is that the intensity of both
green and red emission bands increases as a function of excitation laser
power. The relative intensity of the green emission to the red emission
may be an indication that the energy levels of the red emission are more
favorable to populate. The some non radioactive mechanism may be
promoting the depopulation of the Hy,5 and “Ss», (responsible for
green emission) to the populating the “Fo/, (responsible for the red
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Fig. 6. Photoluminescence emission spectra of Al,O3, synthesized by the sol-gel process, heat-treated at 900 and 1100 °C for 4 h, doped with (A) and (D) 0.1, (B) and
(E) 1 and (C) and (F) 3mol% of the Er®* and co-doped with 1.2 mol% of the Yb®*.

emission), or than, the depopulation of the *I,;,, populating the I, 3,5,
followed by the absorption of a photon at 980 nm populating the *F /5
and promoting the red emission.

Among many basic mechanisms of upconversion, the two most
likely mechanisms for issuing the green and red region under excitation
at 980 nm, are identified in the energy level diagram of Er** and Yb®*
in Fig. 7. These mechanisms are Excited State Absorption (ESA) and the
Energy Transfer up conversion (ETU) [62-65].
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Fig. 7. Energy level diagram of Er®* and Yb®>* under excitation at 980 nm,
with their emissions in the red and green region. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web
version of this article.)
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The ESA mechanism involves the absorption of one photon, pro-
moting Er®™* from the ground state s 2, to the first metastable excited
state “I; ,2, in a process known as Ground State Absorption (GSA). The
long duration of the metastable excited state allows the absorption of a
second photon by the same Er®*, which by energy absorption, further
promotes the photon excited to the upper excited state, *F; 5. From this
excited state, the system may decay non-radiative to the excited levels
2Hy1 /0, *Ss/2 and *Fg /5. Then, Er** can return to ground state “I;s,s,
emitting light at 525, 548 and 660 nm, respectively [63,65-68].

On the other hand, the upconversion (UC) process by energy
transfer (ETU) involves two close ions. The Yb®* absorbs much more
energy than the Er®™, since their absorption cross section is much larger
and efficient at 980 nm, as compared to that for Er*>*. For this reason
the upconversion mainly occurs through the Yb®* energy transfer
process, used as a sensitizer for Er>*, with a small contribution by di-
rect absorption of Er® ™. Fig. 7 shows the energy levels diagram for Er®™*
and Yb®>* and the mechanisms involved in the UC process. This energy
transfer occurs due to an overlap between the absorption band of the
transition 2F7/2 — 2Fy /o of Yb3"and of the transition *I;5 2 —> I o of
Er® *. Then, by decaying, the excited state %Fs,, of Yb®* transfers its
energy to *I;1 5 level of Er**. A second photon is promoted to the first
metastable excited state *I;; /2 Up to more energetic states, such as “F, /2
Finally in the same way as it happens for the ESA, those high energy
levels can decay for lower levels by non-radiative processes, leading to
light emission from the states *Hy 2, *S3/» and *Fo,,, in the green re-
gion at 525 and 548 nm and in the red region at 660 nm. The highest
emission intensity of the band at 660 nm, responsible for issuing the
assigned red region the transition Fg/5 — “I;5,,, may be influenced by
non-radiative transition *I;; 2= i3 /2, in addition to the excited level
mechanism *Fy,, through non-radiative decays of the *S;,, level. An-
other situation that may occur is non-resonant processes, along with
surface defects, favoring emission in the red region [69].

To ascertain the emission color of the upconversion emission the
chromaticity diagrams were built based on the emission spectra ob-
tained from each sample as a function of the concentration of Er®* in
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Fig. 8. Chromaticity Diagram of the material synthesized by the co-precipitation _ CP (A), (B) and (C), and materials synthesized by the sol-gel_ SG process (D), (E)
and (F). All materials were treated at 600, 900 and 1100 °C, doped with 0.1, 1 and 3 mol% of Er®* and co-doped with 1.2 mol% of Yb3*, with a 980 nm excitation

source.

Table 1

Values of X and Y based on the chromaticity diagram, of the materials synthesized by the co-precipitation _ CP.

Power pump (mW)

0.1 mol% Er**

1mol% Er**

3mol% Er®*

900 °C 1100°C 900 °C 1100°C 900 °C 1100°C
X Y X Y X Y X Y X Y X Y
2000 0.595 0.393 0.616 0.375 0.498 0.482 0.490 0.488 0.490 0.489 0.485 0.494
2300 0.577 0.410 0.609 0.381 0.477 0.501 0.479 0.479 0.488 0.491 0.489 0.490
2600 0.553 0.431 0.599 0.390 0.454 0.522 0.467 0.509 0.489 0.487 0.499 0.480
2900 0.532 0.451 0.590 0.398 0.436 0.538 0.462 0.513 0.436 0.538 0.519 0.462
3200 0.510 0.471 0.579 0.408 0.415 0.557 0.464 0.511 0.528 0.453 0.558 0.427
3500 0.490 0.489 0.567 0.419 0.407 0.564 0.483 0.494 0.541 0.442 0.579 0.407
Table 2
Values of X and Y based on the chromaticity diagram, of the materials synthesized by the sol-gel SG process.
Power pump (mW) 0.1 mol% Er®* 1 mol% Er** 3mol% Er®*
900°C 1100°C 900 °C 1100°C 900 °C 1100°C
X Y X Y X Y X Y X Y X Y
2000 0.610 0.380 0.614 0.377 0.557 0.431 0.598 0.393 0.449 0.539 0.529 0.457
2300 0.595 0.394 0.598 0.391 0.543 0.444 0.589 0.401 0.444 0.543 0.536 0.450
2600 0.579 0.409 0.580 0.409 0.527 0.459 0.577 0.411 0.436 0.550 0.535 0.451
2900 0.564 0.423 0.565 0.422 0.512 0.472 0.565 0.422 0.429 0.556 0.532 0.454
3200 0.544 0.441 0.543 0.442 0.494 0.489 0.552 0.434 0.422 0.562 0.526 0.459
3500 0.529 0.455 0.530 0.454 0.480 0.502 0.540 0.445 0.415 0.568 0.519 0.465

the aluminum oxide matrix and heat-treatment temperature. The
chromaticity diagrams obtained are depicted in Fig. 8 and the X and Y
values obtained are presented in Tables 1 and 2.

Based on upconversion mechanisms proposed in this work and the

emission spectra of the materials, it is notable that the band of photo-
luminescence emission in the red region assigned to 4F9/2 -5 /o
transition is predominant in most materials reported here. By increasing
the ratio of the integrals between the red/green emission bands
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Table 3

Relationship between the integral of the area of emission bands *Fo,, — *I;5,
2/*Hi1/2— 15,2 to *S3/5 — *I15/2, of the materials synthesized by the co-pre-
cipitation process, with excitation at 980 nm.

Temperature ~ %of Er**  Power Pump (mW)
2000 2300 2600 2900 3200 3500
600 °C 0.1 4.89 4.71 4.33 4.17 3.66 3.32
1 1.97 2.08 1.92 1.88 1.79 1.68
3 1.69 1.71 1.67 1.70 1.72 1.72
900°C 0.1 3.06 2.61 2.16 1.84 1.57 1.38
1 1.42 1.24 1.08 0.97 0.86 0.83
3 1.30 1.29 1.34 1.49 1.74 1.90
1100°C 0.1 3.62 3.38 2.96 2.73 2.51 2.24
1 1.12 1.06 1.00 0.98 1.02 1.08
3 1.13 1.20 1.34 1.53 2.01 2.28

Table 4

Relationship between the integral of area of the emission bands *Fo,, — “I;s,
2/*Hi1/2— 15,2 to *S3/5 — *I15,2, of the materials synthesized by the sol-gel
process, with excitation at 980 nm.

Temperature % of Er>*  Power Pump (mW)
2000 2300 2600 2900 3200 3500
600 °C 0.1 1.10 1.08 1.03 0.98 0.93 0.76
1 1.47 1.42 1.38 1.29 1.30 1.39
0.42 0.38 0.35 0.34 0.33 0.34
900 °C 0.1 3.31 2.89 2.52 2.23 1.93 1.72
1 1.99 1.80 1.60 1.45 1.29 1.17
0.60 0.59 0.57 0.55 0.53 0.52
1100°C 0.1 3.54 3.04 2.56 2.27 1.90 1.72
1 2.93 2.71 2.46 2.24 2.02 1.85
3 1.59 1.70 1.70 1.68 1.62 1.56

assigned to the transition *Fq,5 — 5,2 (responsible for the red region)
and the transitions Hy 5 — *I15,2 to S35 — *I;5/5 (responsible for the
green region), respectively, it is possible to analyze the behavior of the
intensity of the emission for each of the bands. The ratios between the
bands as a function of power pump for materials synthesized by co-
precipitation method and the sol-gel process are presented in Tables 3
and 4, respectively.

The emission spectra in the infrared region between 1400 nm and
1650, of the heat-treated materials at 400, 600, 900 and 1100 °C for 4 h,
synthesized by the co-precipitation and sol-gel process were collected
under excitation at 980 nm. All samples doped with 0.1; 1 and 3 mol%
Er**, and co-doped with 1.2mol% of Yb®*, showed the maximum of
emission at 1530 nm, assigned to transition from the “Tis/2 — 15,5 Of
Er®* known as the C-telecom band.

Fig. 9 shows the emission spectrum of the infrared region of the
Al,O3 based materials: x mol% Er®*/1.2mol% Yb®* where (x = 0.1, 1
and 3%), heat treated 1100 °C, synthesized by the sol-gel process. Dif-
ferent spectral profiles and half-height bandwidth values (FWHM) can
be observed, as a result of the influence of Er®* concentration on the
matrix. With an increase in the Er®* concentration the processes of
non-radiative energy transfer can occur between the Er®* to another
nearest neighbor ion through the cross relaxation. The increasing the
concentration of TR®>* favors the decrease of the distance between them
and consequently, increases the process of cross relaxing. These me-
chanisms are presented by Lupei in 1991 [70].

In Table 5 the FWHM values of the emission bands around 1530 nm
of all the materials reported in this work are presented. Unlike materials
synthesized by the sol-gel process, which exhibit heat treated material
at 1100 °C with the highest FWHM value, without co-precipitation
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Fig. 9. Infrared emission spectra in the region between 1400 and 1650 nm of
Al,03 doped with 0.1, 1 and 3mol% of Er** and co-doped with 1.2 mol% of
Yb3™, synthesized by the sol-gel process, heat-treated at 1100 °C for 4 h under
excitation at 980 nm at room temperature.

Table 5
Values of FWHM of the emission band attributed to the transition I3/, — *I;5,2
Er’*, with maximum positioned around 1532 nm know as Telecom-C region.

Temperature mol% of Er’* Co-Precipitation method Sol-Gel Process
FWHM (nm) FWHM (nm)

400°C 0.1 68.37 63.75

1 80.17 65.59

3 73.21 70.45
600 °C 0.1 44.07 63.41

1 48.01 50.36

3 50.19 50.15
900 °C 0.1 55.16 53.20

1 57.09 56.84

3 66.20 58.83
1100°C 0.1 54.74 89.76

1 67.30 85.37

3 65.11 44.06

process, the highest value was found in the thermally treated material
at 400 °C. In view of this, it can be concluded that the width at half
height is influenced by the temperature at which the materials are
treated. The presence of the y-Al,O3 phase in the thermally treated
material at 400 °C obtained by the co-precipitation process, presents a
structure with a tetrahedral distortion. It is considered in the literature
that the y-Al,O3 phase is a structure of a spinel (MgAl,0,4) with defects.
These defects occur because the stoichiometry of Al and O do not fit
into the spinel structure, resulting in distorted sites that can accom-
modate the RE®* [71,72]. These different symmetries containing the
RE®** cause an inhomogeneous broadening in the band emission re-
sulting in the formation of a broadband. The materials obtained by the
sol-gel process at 1100 °C present a mixture of phases y and a-Al,O3.
Therefore, the mixture between the two phases, y and a, cause the
existence of multiple symmetry sites. Thus, when the ions occupy these
structures, the ions are located at different locations of symmetry, re-
sulting in an inhomogeneous enlargement, promoting the formation of
a wide emission range in the region of 1530 nm. Materials that have a
broadband emission in the 1530 nm region, presented by Er®™*, are
promising for application as optical amplifiers for C-band tele-
communications because they increase the area of information trans-
mission channels [30].
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4. Conclusion

The results show that it was possible to monitor the achievement of
Al,O5 doped with different concentrations of Er®*, via two simple,
quick and cost-effective syntheses. In addition to these advantages, the
synthesis process carried out by the co-precipitation method was also a
recycling method for rings aluminum cans, and low power consumption
for the preparation of materials with important technological applica-
tions. The materials presented efficiency in energy absorption in the
infrared, with light emission in the visible region. The upconversion
emission spectra showed broad bands, indicating that the Er**, is lo-
cated in different sites of symmetry, because of the mixture of the a and
y phases obtained in XRD. All emissions observed in both syntheses,
presented the bands assigned the Hj;,, — *I;s5/» and *Sz,5 — *Iis/o
transitions with a maximum emission intensity at 525 and 548 nm re-
spectively. These two transitions are responsible for issuing the emis-
sion in the green region of the electromagnetic spectrum region. A third
band was also observed with a peak emission at 660 nm, attributed the
*Fo2 — *I15/ transition responsible for emission in the red region.
Considering the analysis of the emission spectra, one can see that the
emission band located in the red region is more intense than the
emission in the green region, in the materials which contains a lower
concentration of Er®*. Moreover, they showed an intense emission in
the infrared region around 1530 nm, with a value of 89.8 nm demon-
strating an excellent candidate in developing optical amplifiers in the
Telecommunications 3rd window (C- band). Therefore, these synthe-
sized materials have potential application in photonic devices, because
of their photoluminescent properties.
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