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Nanoparticles represent a promising platform for diagnostics and therapy of human diseases. For
biomedical applications, these nanoparticles are usually coated with photosensitizers regularly activated
in a spectral window of 530—700 nm. The emissions at 530 nm (green) and 660 nm (red) are of particular
interest for imaging and photodynamic therapy, respectively. This work presents the Mg,SiO4:Er3*
system, produced by reverse strike co-precipitation, with up to 10% dopant and no secondary phase

formation. These nanoparticles when excited at 985 nm show upconversion emission with peaks around
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530 and 660 nm, although excitation at 808 nm leads to only a single emission peak at around 530 nm.
The direct upconversion of this biomaterial without a co-dopant, and its tunability by the excitation
source, renders Mg,SiO4:Er>* nanoparticles a promising system for biomedical applications.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

In the recent past, rare earth doped nanoparticles rose as a topic
of growing interest due to their distinct optical properties [1].
Crystalline structures doped with rare earth ions exhibit well-
defined absorption and emission lines and do not undergo photo-
bleaching [2,3], making these nanoparticles extremely advanta-
geous for biomedical applications. In crystalline nanoparticles, the
absorber and emitter ions inside the structure are shielded from the
outside environment, thus there is little or no quenching related to
the biological medium in which it they are inserted [4—7].
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For biomedical applications, these nanoparticles are usually
coated with photosensitizers activated in a spectral window of
530—700 nm [6,8,9] and the location of light exposure is controlled;
it is therefore possible to target specific cells, such as bacterial cells
or tumors. The emissions around 530 nm (green) and 660 nm (red)
are of particular interest for imaging and photodynamic therapy
(PDT) [6,8,9], as they also activate a variety of anticancer drugs
[10—15]. However, these wavelengths have reduced tissue pene-
tration, rendering large internal areas virtually inaccessible to
diagnosis and treatment purposes. One way to avoid the above-
mentioned problem is to shift the excitation wavelength to the
near infrared region (NIR). In this spectral region, biological tissues
allow high light penetration with minimal absorption, enabling the
light to reach targets in deep positions inside living organisms
[8,16]. Therefore, NIR excitation sources can be used with higher
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intensity and/or exposure time than ultraviolet (UV) and visible
(Vis) sources, without causing significant damage to the exposed
tissue.

When inserted in specific hosts, rare-earth ions such as Ho>",
Eu* and Er>* present upconversion emission, i.e. these systems are
able to absorb two or more low energy photons and emit at higher
energy ranges [17—21]. Recently, upconversion nanoparticles
(UCNPs) excited in the NIR have been widely applied in biomedi-
cine. At 800 nm, water and hemoglobin have a minimal NIR ab-
sorption and the heating effect is therefore considerably reduced.
Overheating may induce cell and tissue damage [4,15,22]. Thus,
efforts are being made to adjust the UCNPs excitation window
[8,9,23]. Research on platforms based on upconversion is still at an
initial state focusing on the manufacturing of nanoparticles. The
development of platforms such as UCNPs with tunable emission —
particularly the green and red emissions — could represent an
important improvement for their application, since with the same
system it would be possible to activate different functions by the
careful choice of the excitation wavelength [24,25].

The erbium (III) ion presents upconversion when excited at
different NIR wavelengths, emitting in the UV—Vis range [10,18,26].
The wavelength and intensity of the absorption and emission lines
vary in accordance to the host [27]; in other words, a dopant ion
may have distinct optical properties depending on the host in
which it is inserted [28]. Forsterite (Mg»SiO4) is a biocompatible
material with high dielectric constant (er = ~7) [29,30], elevated
transparency in the UV—Vis—NIR range [31] and great physico-
chemical stability even under extreme conditions (>1800 °C and a
wide range of pH) [29,32,33]. These properties make forsterite an
excellent candidate for biological and optical applications. How-
ever, it has not yet been extensively studied in the aforementioned
fields.

We present for the first time, to the best of our knowledge, the
erbium-doped forsterite (Mg,SiO4:Er>*) system. Homogeneous
nanoparticles of Mg;SiO4:Er>* were produced by a low cost tech-
nique, namely reverse strike co-precipitation (RSC). This is a simple
and effective way to produce large amounts of high quality single-
phase nanopowder that are loosely agglomerated [34,35]. Down-
conversion and upconversion photoluminescence were measured
with excitation at 985 and 808 nm. Interestingly, the produced
Mg,SiO4:Er** nanoparticles presented different upconversion
emissions depending on the NIR wavelength excitation.

2. Experimental

Nano-scale erbium doped forsterite powder was synthesized via
RSC similarly as the pure forsterite powder described by Zampiva at
al. [36]. In order to produce Mg,SiO4:Er** (2g), Mg (NO3),-6H20
99% (8.14g), Si(OC,Hs)4 (TEOS) 98.5% (3.17 mL) and x (0%, 1%, 3%, 5%,
7%, 10%, 20% mol) of Er(NO3)3-5 H,099.9% were dissolved in a so-
lution of ethanol (40 mL) and HNO3 70% (3 mL). All reagents were
purchased from Sigma-Aldrich. The reaction follows the stoichi-
ometry described below (Eq. (1)):

2 Mg(NO3); + Si(OHC2Hs)4 + x Ef(NO3)3 — MgSiO4: Er’™ + x
Ny +8 COy + 12 H,O + x Oy (1)

The samples crystallinity was evaluated by X-ray diffraction
(XRD) using a PHILIPS diffractometer (model X'Pert MPD), 40 kV,
40 mA and Cu anode and the crystallite size was calculated by
Scherrer's equation. The specific surface area of the calcined pow-
ders were determined by the Brunauer—Emmett—Teller nitrogen
gas adsorption method (BET, Micromeritics ASAP2020 gas absorp-
tion). Raman spectroscopy was carried out using a Renishaw inVia
microRaman System with a 532 nm wavelength laser. X-ray

photoelectron spectroscopy (XPS, ESCA 3000-VG Microtech) was
performed using Al-Ka radiation for the initial survey as well as for
the high resolution measurements. The morphology was charac-
terized by scanning electron microscopy (SEM, JEOL-JSM 6060) at
an accelerating voltage between 10 and 20 kV and transmission
electron microscopy (TEM, JEM 2010) at 200 kV. The powder
samples were dispersed with ethanol, which was dropped onto
silicon glass and dried at 60 °C for 2 h. The produced films were
then analyzed via absorbance spectroscopy in the UV—Vis—NIR
range using an Ocean Optics spectrophotometer. For the emission
analyses, the powders were pressed into pellets with a thickness of
1 mm. Photoluminescence measurements were performed in a
Micro-PL system (HORIBA Jobin Yvon) with a solid-state laser
excitation source (Quantum Laser) operating at 532 nm with
100 mW output power. The emission spectra in the UV—Vis—NIR
were obtained by exciting the samples at 808 and 985 nm with an
intensity of up to 1 W cm™?; the signals were collected and
analyzed by a monochromator equipped with a photomultiplier for
signal detection in the visible region (500—700 nm) and with a Ge
photodetector for signal detection in the infrared region
(1440—1700 nm).

3. Results and discussion

The XRD analysis (Fig. 1) showed that with the variation of
erbium concentration in the samples from 0 to 10% mol a single
phase of forsterite is observed (synthetic forsterite, PDF# 34-189).
In the Mg,SiO4: Er** 20% diffractogram, the presence of magnesium
oxide (MgO, PDF # 45-946) is observed, indicating saturation of the
host structure and the beginning of competing phase formation.
Although structure saturation has occurred, no erbium oxide peaks
are observed (Er,03 PDF # 08-0050).

Via Scherrer's calculation, with increasing Er>* concentration in
the structure, the crystallites undergo a small gradual growth,
ranging from 15 + 3 nm for the Mg,SiO4 sample to 25 + 2 nm for the
Mg»Si04:Er3* 20% sample. Despite the growth of the crystallites, no
significant lattice changes were observed according to the XRD
analysis. In addition, the surface area analysis by BET, showed
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Fig. 1. X-ray diffratograms of commercial MgO, Er,03 and synthesized Mg,SiO4 with
different Er** doping concentration. From 0 to 10% a single phase of forsterite is
observed. In the Mg,SiO,: Er** 20% diffractogram, the presence of MgO indicates
saturation of the host structure.
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relatively high surface areas, around 79 + 2.5 m?/g, for all these
particles. To analyze the Er>* ion influence on the host structure,
chemical and morphological analyses were performed at the
Mg,SiO4:Er>* 10% sample, which presented the highest amount of
dopant in the host without secondary phase formation.

Mg,SiO4:Er’t 10% TEM analyses show nanoparticles with a
mean diameter of 21 nm (Fig. 2a). Furthermore, the [012] lattice
plane of Mg,SiO4 can be clearly identified (Fig. 2b), indicating that
the Er** insertion in the host (up to 10% mol) did not modify the
lattice constant. The same is observed in the electron diffraction
pattern (ED) shown in Fig. 2c, which shows several characteristic
interplanar spacings of crystalline forsterite.

The conservation of the host crystalline structure observed in
the diffractogram (Fig. 1) and complemented by the TEM and ED
analyses (Fig. 2) indicate that Er>* jons may occupy substitutional
sites in the forsterite crystallite [37,38]. Interestingly, the
Mg,SiO4:Er®* 20% sample presented MgO as a second phase
instead of Er,03, which would be the main product formed by the
Er’* that segregated from the host structure. Mg?* in octahedral
sites has an ionic radius of around 0.72 A while Er** in the same
position has an ionic radius of approximately 0.89 A. These values
represent a difference of 19% between the radii of these ions
[39,40]. Differences of above 30% in ionic radius do not allow the
cations to replace one another, becoming practically impossible to
compete for the same site, but when this number is about 15% such
a replacement can occur freely [41]. Thus, it is possible for both
Mg+ and Er’** ions to occupy the octahedral sites of forsterite.
However, the MgO formation as a secondary phase indicates a
preferential Er>* occupancy when compared to Mg?™* in the octa-
hedral sites.

The elemental distribution in the produced nanoparticles was
analyzed via EDS. The compositional mapping from the SEM image
(Fig. 3a) shows homogeneous distribution of oxygen, silicon,
magnesium, and erbium (Fig. 3b, ¢, d and e, respectively) in
Mg,SiO4:Er’* 10% sample, no clusters of any element were found.

c)

[101] [121] [01%]

Fig. 2. a) TEM of the Mg,SiO4:Er>* 10% nanoparticles presenting a mean diameter of
21 nm. b) Inset presenting the resolved image of the crystal lattice; the Er>* insertion
in the host (up to 10%) did not modify the lattice constant. ¢) ED analysis of the
nanoparticles showing several interplanar spacings of crystalline forsterite.

The same elements appear in the EDS measurement (Fig. 3f) of the
TEM image (Fig. 3g), in addition to copper and carbon, which
originate from the TEM grid used.

High-resolution XPS analyses (Fig. 4) also shows that the
insertion of Er’* into the forsterite crystal does not modify it
structurally. A comparison of the samples Mg,SiO4 (Fig. 4a) and
Mg,SiO4: Er>™10% (Fig. 4b) show that the Mg 2p, Si 2p and O 1s
bands of both samples are very similar. Mg 2p is formed by Mg 2p3)»
with a center at 50.11 eV and Mg 2pq 2 at 50.38 eV. The Si 2p band
consists of Si 2psj; and Si 2py; located at 101.80 eV and 102.41eV
respectively, while the O 1s band is represented at the 530.8 eV
position. The Si 2p and O 1s bands are mainly related to the bonding
energies of the tetrahedral conformation with oxygen (Si0~%) [42].
Erbium doping did not alter the behavior of Si0O~* in the forsterite
structure, as the cation substitution does not affect the oxygen
spectrum.

Commercial Er,03 was also analyzed by XPS in order to compare
the behavior of Er3* in the forsterite structure and in the oxide
form, as well as to evaluate the possible Er,03 formation along with
the production of Mg,SiO4: Er’* 10%. The Er,03 analyses showed
two peaks for the oxygen spectrum (Fig. 4c). The peak at 530.6 eV
corresponds to a metal oxide and the peak at 532.8 eV to hydroxide
[43]. Erbium oxide is hygroscopic and immediately upon its for-
mation it absorbs moisture and CO, from the atmosphere, with
both oxide and Er(OH)s; being common in the same product [44].
The oxygen spectrum for Mg,SiO4:Er>* 10% clearly does not present
the band referring to hydroxide formation, conserving the oxygen
configuration in the forsterite structure. The conservation of the
forsterite O 1s band configuration without the hydroxide formation
is an indication that the erbium present in the sample is shielded
inside the structure [43,45,46].

In order to evaluate the non-radiative pathways involved in the
decay of excited crystals, an analysis of the E-k dispersion of the
matrix would be ideally suited. Nonetheless, a thorough simulation
of the Brillouin zone of the material would require precise infor-
mation on the positioning and interaction of the phosphors inside
the supercell, which was not the focus of the present study.
Furthermore, the symmetry operations contained in the forsterite
unit cell is rather complex even in the absence of the dopant [47].
Nevertheless, Raman spectroscopy is one of the most powerful and
trustworthy methods when empirically assessing the phonon
density at each frequency in crystals, since it is a direct represen-
tation of the number of possible harmonic quasiparticles allowed
by the lattice [48]. Albeit this technique only represents vibrational
modes that affect the polarizability of the system, the vast majority
of phonons in real crystals obey this rule. Raman spectroscopy
analyses (Fig. 5) were performed for all samples. The undoped
Mg>Si04 sample shows quite a different optical activity from the
doped ones, which also present completely different spectra when
compared to erbium oxide. Unexpected bands are present in the
doped structures (around 120, 160, 405, 450, 473, 925 and
952 cm™ 1), which are neither related to the Mg>SiO4 nor to the
Er,03 spectra, suggesting a system with novel optical properties.
While for 1% mol doping these bands are still poorly defined, as the
erbium concentration increases in the host, the bands become
better resolved, becoming well-defined above 7% mol doping.

Fig. 6 shows the absorbance spectra in the UV—Vis—NIR deter-
mining the regions where the Mg,SiO4: Er>* system absorbs with
varying dopant concentrations. Sharp peaks characterize the high
degree of crystallinity of the prepared samples. As forsterite does
not exhibit optical activity in the analyzed region, the bands pre-
sented by the Mg,SiO4:Er>™ system at all concentrations are
directly related to the erbium 4f-4f electronic transitions [49,50].
The absorption intensities vary according to the amount of dopant
in the structure; the larger the dopant concentration, the higher the
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Fig. 3. a) Mg,SiO4:Er®* 10% SEM and compositional EDS mapping of b) oxygen c) silicon d) magnesium and e) erbium. f) EDS spectra with its g) receptive TEM image. The EDS
mapping shows homogeneous distribution with no clusters of any element. Oxygen, silicon, magnesium and erbium appear in the EDS measurement in addition to copper and

carbon from the TEM grid used.

absorption intensity.

In the absorption spectrum, the following peaks were identified
in the UV—Vis—NIR region (300—1100 nm): G112 (375 nm), (°G, “F,
H)oj2 (413 nm), *Fs2 (448 nm), *F712 (511 nm), 2Hy1j2 (530 nm), 4S5,
» (545 nm), *Foj2 (660 nm), *Ioj2 (801 nm), #S'3> (850 nm) and *I11)2
(980 nm). With the exception of the 45’ 3/2 level, related to the 453/2
absorption from the I3, excited state, all the bands are related to
the absorption from the ground state (4115/2). The discrimination of
the optical absorption bands was realized based on previous
studies [18,51—55]. As a result of the dopant and the host interac-
tion, the background intensity rises as erbium concentration in-
creases in the forsterite structure [56]. The absorption spectrum of
rare earth ions is influenced by the nature of the host structure, due
to its pivotal role in the excitation spectrum of the 4f electrons.
Their spectra are sensitive to changes in the coordination number,
degree of disorder and symmetry of the site that the ions occupy.
The wavelength and/or intensity of the bands associated with the
absorption spectrum may vary as they depend on the host and
dopant concentration [57].

Fig. 7 shows the photoluminescence downconversion spectra of
MgzsiOA;:Er3+ (0—20%) samples under 532 nm excitation. The
spectra present the characteristic Er>* emission bands for the
crystalline host. Forsterite shows no emission in the analyzed
UV—Vis—NIR region, as observed in the Mg,SiO4 spectrum. As the
dopant concentration in the host is increased, the emission

intensity increases accordingly. The Mg,SiO4:Er>* system pre-
sented emissions at 545 nm, 660 nm, 801 nm and 980 nm, related
the radiative relaxation of 4S3pp, “Fopp, %lojp and “*Iyypy states,
respectively, to the ground state (4115/2). The 850 nm emission is
related to the 453/2 — 4113/2 transition that occurs in parallel with
the #S3p, *Fopa, “Io2 relaxations to the ground state [58]. The “S
2 — “I132 transition (850 nm emission) followed by “I132 — “I15)2
(1530 nm emission, presented further below in this section) is very
important in the optical communication field [58,59]. The broad
band between 545 nm and 900 nm that increases with the dopant
concentration, is attributed to the partial overlap of all transitions
present in this region [60].

The emission spectra for the different compositions excited at
985 nm can be seen in Fig. 8. A maximum in emission is observed
for the Mg,SiO4:Er’* 7%. The initial upconversion enhancement
with increasing erbium concentration up to 7% mol can be
explained by the increasing number of emitting centers, as well as
the decreasing number of possible non-radiative decay paths, as
depicted in Fig. 5. Raman modes which were active up to 5% Er>*
either disappear with increasing concentration or become less
broadened at higher chromophore concentrations. The increased
number of active phonons, especially at higher wavenumbers as
seen in Fig. 5, might help to account for the decrease in fluorescence
intensity with reduced erbium concentration. These additional
vibrational modes might work towards inducing multiphonon
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Fig. 5. Raman spectra of Mg,SiO4:Er*> (0, 1, 3, 5, 7, 10 and 20%) and Er,Os. The
undoped Mg,SiO4 sample shows quite a different optical activity from the doped ones,
which also present completely different spectra when compared to erbium oxide,
suggesting a system with novel optical properties to the doped structures.
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Fig. 6. Absorption spectra of Mg,SiO4:Er3+ (0—20%) in the UV—Vis—NIR region. The
bands presented by the Mg,SiO4:Er>* system at all concentrations are directly related
to the erbium 4f-4f electronic transitions.

decay, decreasing the likelihood of radiative emission in the sam-
ples with low erbium concentration.

Furthermore, at concentrations above 7% mol, the relative
emission also decreases. The same phonons are active at higher
amounts of erbium, as shown by their similar Raman spectra,
indicating that another mechanism is affecting this decrease.
Concentration quenching is the most likely reason; internal emis-
sion from excited erbium atoms might further excite lanthanide
sites which are allowed non-radiative decay pathways and thus do
not contribute to the overall emission yield [61].

Another important aspect from the emission spectra is the
relative intensity between green and red fluorescence bands. The
relative quantum yield data is summarized in Fig. 9. The green
emission, whose band is centered at 550 nm and corresponds to the
453/2 — 4115/2 transition, is less intense than the red emission
(655 nm, 4Fg/2 — 4115/2) for all compositions, except for the sample
prepared with 7% of erbium. A linear relation between erbium
concentration and quantum yield can be found for the red emission,
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Fig. 8. Photoluminescence upconversion spectra of the produced samples excited at
980 nm. A maximum in emission is observed for the MgZSiO4:Er3+ 7%.

whereas the green emission increases at a much faster rate.

The emission spectra for the different compositions excited at
808 nm can be seen in Fig. 10. Interestingly, the emission spectra are
vastly different from those observed under 985 nm excitation.
When excited with these more energetic photons, only the green
emission was measured for all the samples.

Since the same material displays different emissive behavior for
different excitation wavelengths, the storage levels which fuel the
red emission are not being filled when the system is excited at
808 nm. Two pathways are possible to account for this phenome-
non. One of them is based on the fact that the storage levels might
be completely independent, i.e. there is no crossing between the
emitting states. Therefore, electrons in one level cannot hop to the
lower-lying level. Another possibility is that the virtual level excited
on upconversion might have an increased probability of decay via
non-radiative levels, which would be faster than necessary to
populate the levels decaying via red emission. The green levels, on
the other hand, have enough time to become populated and exhibit
their expected radiative decay. The possible mechanisms giving rise
to both emissions when the system is excited at 985 and 808 nm
are depicted in Fig. 11.

The dominant upconversion mechanisms in erbium-doped
materials have been extensively studied [50,62,63]. There are two
main pathways for the excitation, namely excited state absorption
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and red emission (660 nm) for all Mg,SiO4:Er3* (1-20%) produced samples. A linear
relation between erbium concentration and quantum yield can be found for the red
emission, whereas the green emission increases at a much faster rate. . (For inter-
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Web version of this article.)
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Fig. 10. Photoluminescence upconversion spectra of the produced samples excited at
808 nm. Only the green emission was measured for all the samples. . (For interpre-
tation of the references to colour in this figure legend, the reader is referred to the Web
version of this article.)

(ESA) and energy transfer upconversion (ETU). The first involves
the absorption of a second photon by a previously excited atom,
while the latter implies the energy transfer between two neigh-
boring excited atoms, with one of them decaying in the process.
ETU processes usually become relevant at concentrations above 1%;
they could therefore be responsible for the observed fluorescence
[64].

The initial absorption of a 985 nm photon takes the chromo-
phore to its 4111 12 level. The uptake of a second photon of 985 nm
leads the system to the 4F7/2 state [65], which usually decays via
green fluorescence due to the 453/2 — 4115/2 transition [62]. This
energy uptake might occur via both ESA and ETU. Nonetheless, the
rapid growth in quantum yield with increasing erbium
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Fig. 11. Schematic energy level diagram showing the possible upconversion processes
ESA 1, 2, 3 and ETU 1 for Er** in the Mg,SiO4 host, under 985 nm and 808 nm exci-
tation. The dashed, dotted, and full arrows represent excitation, nonradiative relaxa-
tion, and emission processes, respectively.

concentration (Fig. 9) points toward processes involving more than
one emitting center. Therefore, it is safe to assume that most of the
upconversion leading to the green emission takes place via ETU,
since the probability that an excited erbium atom can interact with
other nearby excited species grows in a likewise fashion as to that
observed for the quantum yields. At lower concentrations, the
dopant ions are placed too far apart in order to cooperate towards
upconversion, while at higher amounts there is an ever-increasing
probability that erbium ions neighbor one another. Upconversion
via ESA might also be contributing towards the overall fluores-
cence, albeit at lower rates. After the transition towards the upper
excited state, non-radiative pathways populate the 2Hy, 12 and 453/2
levels, whence the green emission occurs [66].

On the other hand, the red emission under 985 nm excitation
has a linear relation to the erbium amount present in forsterite. The
slope of the curve indicates that upconversion is likely to involve a
single absorbing center i.e. via ESA. Furthermore, the overall
detachment between the growth rates of both emissions reveals a
disconnection between the two processes. While multiphonon
relaxation (MPR) is energetically allowed between the S5/, and “Fo;
, states (3 phonons) [67], the increased population of the green
state does not translate into equally increased red emission.

The most probable candidate for storage level in ESA is 4113/2.
While initially empty according to Boltzmann statistics, this state is
quickly filled [68]. The gap between “I11/2 and “Ij3p2, of approxi-
mately 3700 cm~! can easily be bridged via MPR. Furthermore, a
parasitic emission in 850 nm — related to the *S3;; — *l3p tran-
sition — quickly pumps electrons towards the latter. Further non-
radiative decay from this level is hindered by the large amount of
phonons which would be necessary (8 phonons). This strong effect
can also be seen in Fig. 6, where the 4113/2 level is so populated that
it even contributes to the absorption spectra of the samples. Under
the absorption of a second 985 nm photon, a transition to 4F9/2
occurs, which thus leads to the emission at 660 nm.

The absence of the red emission under 808 nm excitation
further corroborates the idea that the red emission arises from the
above mentioned ESA process. In this case the absorption of a
second photon from the lowest-lying excited level (4113/2) would
lead the system directly to the *Hy; |2 state, which decays via green

emission. Since no sensible crossing between red and green levels
takes place in forsterite, the red emission is efficiently quenched
[69].

The proposed ESA mechanisms for the excitation at 985 nm are
the following:

Er?*(*lisp2) + hv (985 nm) — Er** (Y1)

ESA1: Er**(*Inj2) + hv (985 nm) — Er**(*F7p2)
Er*(*F72) — Er*(*Hip2) —»Er(*lisp2) + hv (530 nm)
or

Er (*F712) —Er¥f(%S32) —Er¥*(*ysp2) + hv (550 nm)
Et(*Inp) — EP(*hsp)

ESA2: Er**(*l132) + hv (985 nm) — Er**(*Fop2) —Er**(*I15)2) + hv
(660 nm)

Upconversion via ETU processes can occur in a multitude of
ways, depending on the rate of decay of the 4111/2 state. Dis-
regarding such excited state deactivation:

ETUL: EP"(*lip) + EP (*lp) — EC (*lisp) + EP7(%S3)0)

Conversely, for the excitation at 808 nm, the following mecha-
nism is proposed:

Er?*(*ls2) + hv(808 nm) — Er*™(*lgp) — Er**(*hip)
ESA3: Er**(*In12) + hv (808 nm) — Er**(*Fsp2)

Once the Er** substitutional doping might occupy the octahe-
dral sites in the host, the system Mg25i04:Er3+ can be as well
represented as EryMgx(SiO4). To obtain high upconversion lumi-
nescence efficiency, the distance between the Er>* ions needs to be
very short. Usually, the doping concentration of Er** ions is very
low because of the constraint of solid concentrations in conven-
tional Er>* doped silicon or silica materials (1019 cm—>). Erbium
silicates allow high density of Er** ions (~1022 cm—3), 100 times
higher than that of other Er>* doped materials [70].

The NIR emission of erbium-doped forsterite has also been
studied. Fig. 12 exhibits the emission spectrum of the samples
when excited at 985 nm. The emission displays a very intricate fine
structure centered at 1530 nm. Once again, the sample
Mg,Si04:Er**7% presents the most intense emission. The sample
Mg,SiO4:Er’t 5% also displays a strong NIR emission.

The emission at 1530 nm is well established in the literature as
being related to the *l13;2 — “Iy52 transition. It is worth noting that
this transition is of extreme importance in the telecommunications
industry [71—74]. The fine structure is explained by the stronger
effect of Stark splitting at larger wavelengths. The variation in
dopant concentration leads to distinct structural interactions,
changing the radiative and non-radiative relaxation paths. The
presence of Stark split peaks is very common for crystalline doped
structures. Depending on the host:dopant relaxation paths created,
these peaks may appear sharp and defined or overlapped as broad
peaks [60,64].

The relatively strong emission displayed by all samples further
corroborates the hypothesis that the 4113/2 is highly populated. The
large number of erbium ions at this level increases the probability
of NIR emission. Samples Mg,SiO4:Er>* 5% and 7% mol display
similar emission from the 4113/2 decay. The latter is much more
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Fig. 12. Photoluminescence downconversion spectra of the produced samples under
985 nm excitation. The emission displays a very intricate fine structure centered at
1530 nm.

fluorescent when analyzed for upconversion, further indicating the
importance of the extra Raman modes active in the 5% sample.
Although both have similarly populated 4[13/2 which would
contribute for visible emission, the higher energy and density of
phonons in the sample with lower erbium concentration is
contributing towards an overall decrease in observed visible
fluorescence.

4. Conclusions

In this work, we successfully synthesized erbium-doped for-
sterite with no secondary phase formation up to 10% mol of dopant
concentration by RSC. This exceptional high amount of dopant was
possible by substitutional erbium atoms allocating themselves into
the forsterite magnesium octahedral sites, without altering the host
structure. The nanoparticles produced demonstrate high optical
activity with increasing absorption and downconversion propor-
tional to the doping level (from 1 to 20% mol of erbium). Under
985 nm excitation, the sample showed upconversion emission in
the red and green range, with a maximum emission at 7% mol of
doping as well as surprising inversion of intensities between red
and green. However, under 808 nm excitation, all samples showed
upcoversion emission only in the green region, with similar in-
tensities. This behavior can be explained by the ESA and ETU pro-
cess that takes place for the green emission while only the ESA
process was proved to be allowed to the red emission in the for-
sterite structure. Due to the parasitic emission in 850 nm — related
to the “S3;; — “I13), transition, the red emission is observed only
with 985 nm excitation, since the excitation at 808 nm in the
proposed ESA process leads always to energy levels above 4Ss,
resulting in green emission. These results make Mg,SiO4:Er"
system a promising candidate as UCNPs for biomedical applica-
tions. Its tunable properties allow both treatment and diagnosis by
simply changing excitation sources. There is still room for
enhancement of its performance such as optimizing the erbium
concentration, the wuse of co-dopants and different
functionalization.
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