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Er**-doped and Er’*Yb3*-co-doped Gd,0.S are one of the most efficient upconversion (UC) materials
available to date. However, preparing lanthanide oxysulfides can be challenging as it requires several hours
of heating at > 1000 °C in high power furnaces. Nonetheless, in designing a new synthesis technology for UC
materials, one should consider that these systems suffer from defect quenching, responsible for significant
optical energy losses. In this work, the microwave-assisted solid-state (MASS) synthesis was explored as an
alternative to synthesize this class of materials, using two different starting compounds - lanthanide oxides
(Ln,03) and hydroxycarbonates (Ln(OH)COs), where Ln®*: Gd, Er, Yb. Different Er>*Yb>* concentrations
were investigated, and the Ergsy),Ybi and Eris,Ybfiox) were shown to give the most intense UC output
comparable to commercially available materials. Using Ln(OH)CO3 instead of the more common Ln,05 for
the MASS synthesis contributed to higher UC efficiencies and a more homogeneous Er>* and especially Yb**
distribution through the Gd,0,S lattice as verified by luminescence lifetime measurements. These high-
quality materials were prepared in a simple two-step synthesis of 50 min and using a domestic microwave
oven, leading to a remarkable decrease of 79% in processing time and 93% in energy consumption, making
the MASS method suitable to be explored as an alternative synthesis methodology for high performance UC
materials.
© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction the Er®* ion and the Er>*,Yb®" ion pair producing highly efficient UC

materials [3,4]. Currently, research on Er**-doped and Er®*,Yb®*-co-

Upconversion (UC) is a non-linear optical phenomenon in which
a material absorbs two or more low energy photons, e.g. near-in-
frared (NIR) photons, to combine their energy into a single high
energy photon, e.g. visible light. This phenomenon was first experi-
mentally observed by Auzel for the Er®*/Yb3* pair in 1966, and
henceforth it became an active area of research in lanthanide (Ln)
spectroscopy [1,2]. The well-defined ladder-like structure of several
Ln3* energy level schemes is suitable for UC processes, especially for

Abbreviations: CW, Continuous wave; Ln, Lanthanide; MASS, Microwave-assisted
solid-state; Min, Minutes; NIR, Near-infrared; PMT, Photomultiplier tube; SEM,
Scanning electron microscopy; UC, Upconversion; XRD, X-ray diffraction
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doped UC materials touches diverse sectors in technology. For ex-
ample, bulk NaYF4:Er®* and Gd,0,S:Er**(,Yb?*) systems were in-
vestigated as solar cell sensitizers to upconvert the infrared portion
of the solar spectrum [5-7], which is not absorbed by conventional
¢c-Si solar cells, while NaYF,:Er**,Yb®" nanoparticles have been ex-
plored as devices for bioimaging of cells and small animals, as well
as for photodynamic therapy [2,8,9]. In many banknotes (e.g. Euro
and Renminbi) Yb/Er-doped upconversion materials are in-
corporated as anti-counterfeiting feature.

Regardless of the technological target, there is a need for opti-
mizing the quantum efficiency, which is around 10% for the best UC
materials [10]. One of the most suitable host matrices to yield high
quantum UC is gadolinium oxysulfide - Gd,0,S, due to its high
chemical/thermal stability and low phonon energy (~440 cm™')
[11,12], which reduces quenching of the excited energy levels via
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lattice vibration. Preparing Gd,0,S-based UC materials, however, is a
tricky task. Conventional solid-state synthesis methods based on
resistive heating are normally used [13-15], which employs high
temperatures (>1000 °C) for times exceeding 4 h in ovens and
consume over 10 kWh. In addition, several heating-cooling steps
may be needed, together with inert/reducing atmospheres, to pre-
vent contaminant phases such as Gd,0s. These steps are necessary
to improve purity of the final product, but they also drastically in-
crease synthesis time and energy consumption, thus rising produc-
tion costs. From a time, cost and environmental perspective, an
energy-saving synthesis procedure for Gd,0,S is highly interesting.
However, it is crucial that with such method, high-quality UC ma-
terials are obtained on both laboratory and industrial scale without
sacrificing their optical properties.

It is worth emphasizing that the crystal purity of a material
strongly influences its UC efficiency as impurities and point defects
in the structure can act as quenching pathways that reduce the
materials’ UC emission [16]. UC materials rely on energy migration
and transfer and are therefore more prone to concentration
quenching by defects/impurities than simple one-to-one photon
conversion materials. In this context, this work explores the rapid
microwave-assisted solid-state (MASS) synthesis as an alternative
methodology to synthesize Gd,0,S-based UC materials. A series of
single-doped Gd,0,S:Er** and co-doped Gd,0,S:Er’*,Yb*" materials
were prepared in a fast two-step synthesis, totaling 50 min of mi-
crowave radiation exposure to the precursors. Two distinct pre-
cursors, Ln,03 and Ln(OH)CO3 (Ln>': Gd, Er, and Yb) were used in
order to optimize the materials’ crystallinity and UC performance.
When excited by a 980 nm diode laser, the materials synthesized by
the MASS method exhibited UC emission intensities comparable to
those from commercial samples with the same nominal Er** and
Yb>* concentrations. The highest UC emission intensity was achieved
for the Gd,0,S:Ery),YbZiox) material prepared using Ln(OH)CO; as
precursors, which nearly matches the UC intensity of its commercial
counterpart. This work demonstrates the MASS method as an ef-
fective alternative to prepare highly luminescent Gd,0,S:Er** and
Gd,0,S:Er**,Yb*" bulk materials, which could be scaled up to supply
UC materials for emerging applications.

2. Experimental section
2.1. Chemicals and reagents

Lanthanide oxides (Gd,03; 99.99%, Er,Os; 99.99%, and Yb,0;
99.99%, Smart Elements), elemental sulfur (S 99.5%, Alfa Aesar), so-
dium carbonate, anhydrous (Na,CO5; 299.5%, Alfa Aesar), nitric acid
(HNO3 265%, Merck), urea ((NH,),CO analytical grade, Merck),
acetone ((CH3),CO analytical grade, Merck), and activated carbon
(analytical grade, Alfa Aesar) were used as received.

2.2. Synthesizing upconversion (UC) materials by the MASS method

The microwave-assisted solid-state (MASS) method was pre-
viously investigated by some of us in the preparation of Ln,0,S-
based scintillators and persistent luminescence materials [17-19]. In
this work, a series of single-doped Gd,0,S:Er** and co-doped
Gd,0,S:Er** Yb*>* UC materials was synthesized by the MASS
method, with varying Er>* dopant and Yb>' co-dopant concentra-
tions, as well as the Ln source to the synthesis. In preparing material
precursors, Ln,O5 (total lanthanide content, where Ln?*: Gd, Er, and
Yb), S, and Na,COs; were weighted in a Ln,03:S:Na,CO3 molar ratio of
1:1.1:0.25. The powder mixture was ground with acetone to aid
homogenizing and then left to dry in air.

Additionally to Ln;Os3, lanthanide hydroxycarbonates - Ln
(OH)CO; were also investigated as the Ln3* source for the MASS
synthesis. These compounds were synthesized following a literature
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Table 1

Overview of Gd,0,S-based upconversion (UC) materials synthesized by the micro-
wave-assisted solid-state (MASS) method, displaying the Er*>* and Yb>* concentrations
as well as the Ln®* source compound used in the syntheses: lanthanide oxides —
Ln,03, or lanthanide hydroxycarbonates — Ln(OH)COs, where Ln3*: Gd, Er, and Yb.

Yb3+ Er3+
(mol-%) (mol-%)

Ln?* source compound

Ln,0; Ln (OH)CO;
0 5.0 Gdy0,S:  Erfay, Gdy0,S:  Ergdy
10.0 Erfio) Erfiox)
5.0 1.0 Ertiy . Ybiy Erltyy . Ybiy
5.0 EI‘(35+%) , Yb(35+%) Er?s*%) , Yb(35+%)
10.0 EI'(3|+0%) , Ybfg'%) El‘(zfo%) , Yb?g%)
10.0 1.0 Erliy) Ybios Er(iy) Yb{ios
5.0 Erly . Ybiiox Ertsy) Ybiox)
10.0 Erdioxy . Yb{iox) Erfioxy . Yb{iom

procedure [20,21], identical for Gd, Er, and Yb. Approximately 10 g of
Ln,03 was dissolved into 8-10 mL of boiling concentrated HNOs.
After 30 min of stirring, the pH was registered to be 6-7. The solution
was filtered to eliminate the small amount of undissolved Ln,03
powder, and the resultant Ln(NOs)s solution was transferred to a
250 mL round flask. Then, 35.0 g of urea previously dissolved in
100 mL of warm (~60 °C) deionized water, was added to this flask,
which was heated up to boiling under stirring. Instantaneous pre-
cipitation was observed once boiling started, indicating the forma-
tion of the desired Ln(OH)COs. The suspension was left boiling for
270 min after the beginning of precipitation and then left to cool
down to room temperature. Finally, the precipitate was washed with
deionized water to eliminate NH,* and NO5™ ions, and the obtained
Ln(OH)CO3 powder was dried at 100 °C for 60 min.

After drying, 0.5 g of the prepared precursor mixture was added
to a 2.5 cm® alumina crucible, formerly surrounded by 11 g of
granular activated carbon, and placed inside a bigger 27 cm® alumina
crucible (Figure S1a, Supporting Information). This bigger crucible,
now containing the smaller one which holds the precursor mixture,
was covered with an alumina lid and then placed inside the cavity of
aluminosilicate thermal insulation bricks. The precursors were he-
ated in a domestic microwave oven (Daewoo KOR1N4A, 1 kWh)
using a microwave program of 25 min (Figure S1b), in which the first
10 min the power was set to 90%, and to 80% for the final 15 min.
Finally, the obtained material was ground with acetone and adding
sulfur powder (10% in mass) to be reheated in the microwave oven
using the same power/time program. After the second microwave
heating treatment, the resultant Gd,0,S:Er®* or Gd,0,S:Er** Yb**
powder was ground (without acetone) to obtain the final materials.

In this context, 8 different Gd,0,S-based UC materials were
synthesized by using Ln,O3 as precursors - 2 single-doped
Gd,0,S:Er** and 6 co-doped Gd,0,S:Er®*,Yb** materials, with dis-
tinct Er** and Er**.Yb** concentrations which are displayed in
Table 1. Additionally, 8 more materials — with the same Er** and
Er®*,Yb** concentrations - were synthesized using Ln(OH)COs as the
Ln source. Therefore, 16 materials UC materials were prepared by the
MASS method in this work (Table 1). The Er** and Er**,Yb*" con-
centration values were selected to match the nominal concentra-
tions of commercial samples of Gd,0,S:Er>* and Gd,0,S:Er**,Yb3*
that were custom made by Leuchtstoffwerk Breitungen GmbH -
Germany and Tailorlux GmbH - Germany, to allow for a direct
comparison of UC emission intensities between the commercially
available materials and the materials prepared by the MASS meth-
odology.

2.3. Characterization and spectroscopic methods
X-ray diffraction (XRD) patterns for Gd,0,S:Er** and

Gd,0,S:Er**,Yb*" UC materials prepared by the MASS method were
registered using a Philips PW1700 diffractometer, with CuKa



LP. Machado, J. de Wit, AJ. van Bunningen et al.

radiation (1.5418 A), measuring in the 10-70° 20 range and em-
ploying a 0.02° step with 1 s integration time.

Scanning electron microscopy (SEM) images of the GdZOZS:Er?{'O%)
and Gd,0,S:Erix,Ybfiox) materials, prepared using both Ln,03 and
Ln(OH)CO3 as precursors, were registered using a Phenom ProX
Desktop Scanning Electron Microscope, operating at 10 keV. Samples
were prepared by depositing a thin layer of UC powder onto a
conducting carbon tape.

UC emission spectra of Gd,0,S:Er*" and Gd,0,S:Er**Yb3* UC
materials prepared by the MASS method, as well as commercial
samples, were measured with an Edinburgh Instruments FLS-920
spectrofluorometer, equipped with a 500 mW continuous wave
(CW) 980 nm diode laser as the excitation source and a Hamamatsu
R928 photomultiplier tube (PMT) as the detector. As the laser spot
size was 3x3mm? and a 5% neutral density filter was used, the
average laser power density was calculated to be approximately
0.3 W/cm?. Emission was collected at a 90° angle, with the sample
holder tilted at 45°. It is worth noting that, to record the UC emission
spectra of the Gd,0,S:Er** and Gd,0,S:Er>*,Yb®" materials, all op-
tical components involved were fixed, as well as the sample volume
contained by the sample holder, so that the detected UC intensities
could be directly compared. In this way, the UC emission spectra of
commercial Gd,0,S:Er** and Gd,0,S:Er®*Yb>* samples from
Leuchtstoffwerk Breitungen and Tailorlux could be compared with
those of the materials obtained by MASS method.

Lifetime measurements were also performed on the
Gd;0,S:Erdioy) and Gdy0,S:Erdis),Ybiioy) materials prepared using
Ln,03 and Ln(OH)COs as Ln source and were recorded with an Ekspla
N342B OPO laser with a repetition rate of 10 Hz, a Triax 550 emis-
sion monochromator, and a Hamamatsu R928 PMT detector. For the
Er®* self-excitation lifetimes, the UC materials were excited at 520
and 661 nm while the emission was monitored at 554 and 670 nm
for the green “S;;,—%li5, and the red *Fojp—*lis/, emissions, re-
spectively. For UC lifetimes, the materials were excited at 980 nm
and the emission was collected also at 554 and 670 nm for the green
and red emissions.

3. Results and discussion

3.1. MASS synthesis, phase purity and morphology of Gd»0,S-based UC
materials

XRD patterns for the Gd,0,S:Er®* and Gd,0,S:Er>*,Yb** UC ma-
terials prepared by the microwave-assisted solid-state (MASS)
synthesis (Fig. 1) indicate that all materials were successfully pro-
duced in the Gd,0,S trigonal crystal structure (space group P3'm1, n°
164). This structural feature confirms that the two-step MASS
synthesis of 25 min each step is suitable for preparing these mate-
rials.

The microwave-assisted particle formation mechanism of
Gd,0,S was explored in a previous work [17]. In essence, the Gd,03
+S +Na,CO3 precursor mixture is rapidly heated under microwave
radiation with the activated carbon acting as the microwave sus-
ceptor. In this way, a transformation from Gd,05 to Gd,0,S structure
makes this the major crystal phase in less than 4 min of synthesis.
The reaction involves sulfur atoms going through oxidation/reduc-
tion processes to be converted to S~ ions and finally react with the
Gd,05 to form the Gd,0,S product. In this work, Er,0s and Yb,03
were also added in the precursor mixture to produce the
Gd,0,S:Er** and Gd,0,S:Er**,Yb*" UC materials. Due to the smaller
ionic radii of Er** (0.890A) and Yb** (0.868 A) compared to Gd>*
(0.938 A) and thus their harder-acid character [22], breaking Er-0
and especially Yb-O bonds requires more energy than breaking
Gd-0 bonds [23]. This chemical feature increases the probability of
Ln,05 impurity phases in the final UC materials. Such impurities
were not detected in the single-doped Gd,0,S:Er®* materials, but
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small intensity diffraction peaks related to the c-Yb,0s3 structure
could be observed in the co-doped Gd,0,S:Er**,Yb®* (Fig. 1a).

Although the Yb,05 impurity is just a tiny fraction within the
Gd,0,S:Er>* Yb®* crystals, its presence confirms the lower reactivity
of Yb,05; which also affects the concentration and distribution of
Yb** ions in the final product. Therefore, more reactive lanthanide
hydroxycarbonates - Ln(OH)CO; (Ln®>*: Gd, Er, and Yb) were also
investigated as lanthanide sources for the MASS synthesis, targeting
pure phase Gd,0,S-based materials with a more homogeneous Yb>*
and Er3* distribution. One can notice from the XRD patterns of the
Gd,0,S:Er3*(,Yb3") prepared using Ln(OH)COj5 as precursors (Fig. 1b)
that these materials do not show Er- or Yb,03 impurities at any given
dopant concentration. Some low intensity peaks can be observed in
the Gd,0,S:Erdioy) Ybfiox) material, but they were assigned to Al-
related crystalline phases, probably originated from the alumina
crucible. Clearly, the lanthanide hydroxycarbonates are better lan-
thanide precursors to prepare phase-pure oxysulfide materials with
the MASS synthesis, as its thermal decomposition happens at con-
siderably lower temperatures (500-700 °C) [20], facilitating the re-
action with sulfide ions during the microwave synthesis. The use of
Ln(OH)CO3 precursor is also expected to enhance UC efficiency by
increasing ion mobility and thus dopant homogeneity through the
materials crystals lattice, as discussed below.

SEM images of the Gd,0,S:Erfjox) and Gdy0,S:Erf{s, Ybiox) ma-
terials were taken to investigate possible morphological differences
between the materials prepared with different Ln sources - Ln,O3 or
Ln(OH)COs3 (Fig. 2). Distinct Ln sources had minor influences on the
formed microcrystals, which range in size from 1 to 10 um, ex-
hibiting hexagonal-like shapes owing to the trigonal crystal struc-
ture of Gd,0,S. The materials prepared using Ln(OH)CO3 showed a
slightly more homogeneous particle size distribution compared to
the ones produced using Ln,03. Moreover, particle size and mor-
phology seem independent of Er** and Yb>* dopants and their con-
centrations. Similar results were obtained in a previous work [18]
from Gd,0,S:Tb>" scintillator materials also prepared by the MASS
synthesis. There, smaller crystal sizes of around 500 nm were syn-
thesized by a shorter microwave synthesis time, i.e. 10 min instead of
two heat treatments of 25 min each. By linking previous and recent
results, the microwave synthesis time can be then defined as the
predominant parameter rather than the used Ln sources to affect
particle size and morphology. Nonetheless, longer microwave
synthesis times, e.g. 2 x 25 min yield materials with higher degree of
crystallinity and phase purity, and thus are better for improved
optical properties [18].

Lastly, it its worth stating that Gd,0,S:Er>* and Gd,0,S:Er>*,Yb3*
UC materials were prepared with high crystal purity in a rapid two-
step synthesis of 50 min in total. Considering an oxysulfide pre-
paration by conventional solid-state methods [15], the microwave-
assisted solid-state synthesis lead to a remarkable decrease of 79% in
processing time and 93% in energy consumption, making the MASS
method suitable to be explored for diverse ceramic materials.

3.2. Optical properties of Gd»0,S:Er>* and Gd»0,S:Er**,Yb** UC
materials

In this section, the optical properties of Gd,0,S-based upcon-
version materials prepared by the MASS synthesis were explored by
evaluating the light emitted under IR-irradiation as a function of
dopants and their concentrations, as well as the precursors used in
the synthesis.

Under continuous 980 nm laser excitation, all synthesized ma-
terials exhibited visible range upconversion emission (Figure S2),
arising from three main electronic transitions of Er** ion: 2Hu/
2=*is2 (523, 528, 533nm), *S3;,—*11s2 (548, 554nm), and “Fo,
2—>4I15,2 (max. 670 nm) (Fig. 3). For the Er®* singly doped Gd,0,S, the
highest UC emission intensity was measured for the highest dopant
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Fig. 1. Powder X-ray diffraction (XRD) patterns for the Gd,0,S:Er>* and Gd,0,S:Er**,Yb>* upconversion (UC) materials prepared by the microwave-assisted solid-state (MASS)
method (20 = 45° peak corresponds to the Al substrate). Gd,0,S 26-1422 reference pattern was also displayed.

Gd,05S 5 EF 10y, YD 100y =

Fig. 2. SEM images of the GdZOZS:Er?{O%) and GdZOZS:Er?{%),Yb?{O%) materials, synthesized using lanthanide oxides (Ln,0s, left) and hydroxycarbonates (Ln(OH)COs, right) as Ln
source for the MASS synthesis. Scale bar = 10 pm.
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Fig. 3. Upconversion (UC) emission spectra of Gd,0,S:Er*>* and Gd,0,S:Er®*,Yb>* materials synthesized by the MASS method using Ln,03 and Ln(OH)COs as the lanthanide source
(Ln": Gd, Er, and Yb): (a) Gd,0,5:Er{ox), (b) Gd20,S:Erfa),YbEx), and (c) Gd»0,S:Erdiy), Ybiiox) (the spectra of Ln,0s-based materials was shifted up in the Y-axis for better clarity).
(d) UC emission of the Ln(OH)COs-based GdZOZS:Er?{%),Yb?{O%) material under 980 nm laser excitation, together with the Er** energy level diagram showing the main UC

emissions.

concentration, i.e. Gd,0,S:Er{ioy) (Fig. 3a), while for the Er**,Yb** co-
doped samples, strongest UC emission were achieved by the
Gd2025:Er(35+%),Yb(35+%) (Flg 3b) and GdzOzSIEr?{%),Yb?fg%) materials
(Fig. 3¢,d).

Note that the recorded UC intensities can be directly compared
between different samples - all measuring parameters, e.g. laser
power and spot size in the sample, sample size and position,
monochromator step size, and the integration time were optimized
and fixed to allow the reliable detection of UC light intensities over
many orders of magnitude from different materials. Results show
that different Er*>* and Er’*,Yb>" dopant concentrations yield sub-
stantial variations of overall UC intensities (Figure S2). Single-doped
Gd,0,S:Er®" materials, especially the 10% Er>* doped one (Fig. 3a),
already show UC emission intense enough for imaging applications.
When co-doped with Yb3' jons, the Gd,0,S:Er’*Yb*" materials
achieve emission intensities up to one order of magnitude higher
than their singly doped counterparts. This optical feature confirms
the great importance of the Yb>* sensitizer in increasing the ab-
sorption process and UC energy transfer within the Gd,0,S lattice
due to the larger Yb>" absorption cross-section.

Besides the Er’*,Yb>* dopant concentrations, the Ln source
compound used as precursors to the MASS synthesis also had a
significant effect on the UC outcome. According to the UC emission
spectra (Fig. 3a-c and Figure S2), changing the synthesis precursor
from lanthanide oxides (Ln,03) to lanthanide hydroxycarbonates (Ln
(OH)COs) resulted in a drastic UC intensity increase for all Gd,0,S-
based UC materials. This UC emission intensity increase was ob-
served to be more pronounced for the Er**,Yb** co-doped samples.
We attribute this UC increase to the higher reactivity of the Ln-
precursor, which helps in the formation of the Gd,0,S crystal lattice
and increases doping homogeneity, thus enhancing energy migra-
tion processes.

Furthermore, the UC efficiency of MASS-prepared materials were
directly compared with commercial samples (Leuchtstoffwerk
Breitungen and Tailorlux), which have the same nominal con-
centrations of Er** and Yb®" dopants (Fig. 4a and Figure S3). Based on
an estimated 10% quantum efficiency for the Leuchtstoffwerk Brei-
tungen Gd2025:Er(31+0%) material [12], the overall UC efficiencies of the
various single-doped and co-doped UC materials were calculated
from the integrated emission intensities in Figure S3. The highest UC
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material from Leuchtstoffwerk Breitungen. (b) (453/2—>“115/z) / (4F9,2—>4115,2) transition ratios calculated for all Gd,0,S:Er**(,Yb>*) UC materials as a function of dopant con-

centration.

efficiencies for the MASS-prepared materials are 2% for the
Gd2025:Er(3{'0%) (single-doped material) and around 15% for both
Gd20,S:Erss, Ybiy) and Gdy05S:Erdiyy, Ybiiox, the most efficient co-
doped materials (Table S1). In this way, the combination of dopant
concentrations of Erfa),Ybisy), and Ergiy,Yb(iox) can be considered
optimal to yield UC for the Gd,0,S host lattices synthesized by the
MASS method. This is however not the case for the commercial
materials, as the highest UC efficiency was calculated for the
Leuchtstoffwerk Breitungen Gd,0,S:Erfsx),Yb(iox) material (56%).
Essentially, these results show that the UC materials made with
MASS method have a similar efficiency as the equivalent Tailorlux
sample, while the efficiency of the Leuchtstoffwerk Breitungen UC
materials are significantly higher (Table S1), which is consistent with
an earlier comparison of the two types of commercial UC materials
[12]. The higher efficiency of the materials from Leuchtstoffwerk
Breitungen can be explained by the long experience of this company
in making high quality Gd,0,S:Pr®* scintillator materials - in scin-
tillators, the efficiency also strongly depends on the presence of
impurities and defects that can capture free electrons and holes and
thus reduce efficiency. Therefore, the higher UC efficiency of

Leuchtstoffwerk materials is due to the quality of these materials,
more precisely the Er>*,Yb®* doping homogeneity, In this way, even
higher concentrations such as 5% of Er>* and 10% of Yb>* could be
doped into the Gd,0,S host lattices without triggering losses me-
chanisms such as concentration quenching. The MASS synthesis, on
the other hand, is a very short synthesis method, and thus doping
homogeneity can be significantly lower compared to these com-
mercial materials. Using Ln(OH)CO5; as precursors aided in im-
proving doping homogeneity as it can be seen from Table S1, where
all Ln(OH)CO3-based materials showed higher UC efficiencies com-
pared to their Ln,Os-based counterparts. Nevertheless, it is worth
stating that further optimization of the MASS method may lead to
higher UC efficiencies that are closer to those of the best commercial
materials. It is encouraging that the MASS method was able to
produce materials with comparable intensity in a rapid (50 min)
synthesis without any further treatment on the samples, which re-
presents a promising ratio between photonic quality and time/cost
of production.

In addition to the discussion on the UC efficiencies, the ratio be-
tween the integrated area of the green emission band (453,2—>4l15,2)
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Fig. 5. Luminescence decay curves of the GdZOZS:Er?ﬁ)%) and GdZOZS:ErE{%),YbE{O%) materials prepared using Ln,03 and Ln(OH)COj as the lanthanide source (Ln>*: Gd, Er, and Yb).
Monitoring the green “Ss;;—*l;s;, emission for the (a) Gd,0,S:Erdioxy and (b) Gdy0,S:Erfis,Ybiios, and the red *Foj,—*115> emission for the (c) Gd,0,S:Erdioy) and (d)

Gdy0,S:Eris, YbZiow).

and the red emission band (4F9,2—>4I15/2) was calculated for the MASS-
prepared Gd,0,S:Er®*(,Yb**) UC materials, as well as for the com-
mercial samples (Fig. 4b). This ratio can be interpreted as an empirical
parameter for the UC quenching from the green emitting “Ss, to the
red emitting “Foj, level that depends on the Er®*",Yb** dopant con-
centration and distribution in the Gd,0,S host lattice. It is worth
noting that especially the 453/2—>4115,2 emission can be quenched by
cross-relaxation, thus higher Er>* concentrations lead to a decrease in
the ratio. For the same nominal concentrations, less homogeneous
dopant distributions are expected to give lower ratios, as the “Ssj
emission will be more strongly quenched in Er-rich regions.

The results displayed in Fig. 4b show that the calculated ratio
value is less than one for all measured samples, implying that the
*Fg3—*1152 transition has a higher integrated intensity for the
Er**Yb®" concentration ranges that are studied here. The highest
ratios were found for singly doped Gd,0,S:Er®* materials. UC ma-
terials prepared using Ln(OH)COs5 as Ln source precursor exhibited
higher calculated ratios compared to its Ln,O3 counterparts. This
suggests a reduced quenching from 453/2 levels in the former ma-
terials, indicating that the use of Ln(OH)COs; precursors improves
dopant ion homogeneity throughout the Gd,0,S crystal lattice. The
positive effect of the hydroxycarbonate precursor on ion distribution
and subsequently green/red ratio is corroborated by the relatively
higher green/red ratios observed for the commercial samples. Such
materials were synthesized by conventional solid-state methods, in
which the long hours of heating at high temperatures (> 1000 °C)
have significantly improved ion mobility and helped to achieve an
even more homogeneous doping of Er** and Yb>* ions.

Luminescence decay curves for UC materials are important to
understand the dynamics of the excited states as a function of do-
pant concentration and its distribution within the crystal lattice
[24,25]. Fig. 5 shows the self-excitation luminescence decay curves
for the Er** #S3;,—%15/, (53,b) and *Fo;p—*I1512 (5¢,d) transitions in
Gd;0,S:Erio) and Gd;0,S:Eris, Ybiiox) materials synthesized using
Ln,03 and Ln(OH)COs as the lanthanide source. The 453,2—>4l15/2
emission decay show a multiexponential behavior due to the com-
plex cross-relaxation and energy migration processes, and therefore
were fitted as triexponential curves (except for the Gd2025:Er(3f0%)
material prepared using Ln(OH)COs, which was fitted as a biexpo-
nential). From the calculated lifetimes (Table 2) one can see that

Table 2

Lifetime values (ps) of the Er>* #S5/,—%115), and *Foj,—*115), transitions calculated for
the Gd,0,S:ErZioy) and Gd,0,S:Erdi), Ybiiox) materials synthesized using Ln,03 and Ln
(OH)CO; as precursors (Ln>*: Gd, Er, Yb). For the green 453/2—>4115/2 emission, lifetime
values were obtained from fitting the data of Fig. 5a,b as triexponential decay curves
(except for the Ln(OH)COs-based GdZOZS:Er?{'O%) material, which was fitted as a
biexponential). For the red *Foj—*l15/> emission, lifetime values were obtained from
fitting the data of Fig. 5c,d as a monoexponential decay curves.

Gd,0,S:Er** (10%) Gdy0,S:Er** (15, YD*" (10%)

Ln,05 Ln (OH)CO; Ln,03 Ln (OH)CO;
precursor precursor precursor precursor
o 17£00 48+ 00 0.3+ 00 01 £ 0.0
Sy ta 50£0.1 - 47 £ 00 40 + 0.0
5 269 +03 16.6 £ 0.3 426+ 01 25.7 0.1
“Fop 1T, 58800 761 + 0.0 69.4 + 0.0 769 £ 0.0
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both Ln,03-based UC materials have a faster initial component and a
relatively slower long component. Although a similar behavior is
observed for the Ln(OH)COs-based materials, the lifetime value
discrepancy between the slower and the faster decay components is
bigger for the former. This is an indicative for inhomogeneous
doping, i.e. there are regions within the crystal with high dopant
concentrations, which increases the probability of energy transfer
processes (fast decay component), and regions where Er>* has hardly
any neighbors (long decay component). For the materials prepared
using Ln(OH)CO5; as precursors, the more homogeneous dopant
dispersion causes the overall lifetime to be slightly shorter.

The decay curves for the 4F9,2—>4115/2 transition showed a
monoexponential decay profile (Fig. 5¢,d). The fitted decay lifetime
values (Table 2) show slightly longer lifetimes for the Ln(OH)COs-
based materials compared to the Ln,03-based ones. Although these
results seem conflicting, it is worth noting that cross-relaxation
processes between Er®* neighbors, as well as energy transfer from
the *Ss), level to a neighboring Yb3* ion (accompanied by phonon
emission), can depopulate the 453,2 level more strongly than for the
4F9,2 level. This is corroborated by the different behaviors of the 453,
2—»“115/2 (multiexponential) and 4F9/2—>4I15/2 (monoexponential)
transitions. This optical features explains the faster initial decay and
shorter lifetime for the 453,2 emission compared to the 4F9,2 (Table 2)
[16]. Furthermore, similar results were observed on the UC lifetime
decay curves for the Gd;0,S:Erfi),Ybfioy) materials (Figure S4).
These decay curves were fitted as monoexponentials after excluding
the first data points corresponding to the rise time. The resultant
lifetime values were compiled in Table S2, where longer lifetimes
can be observed for the Gd2025:Er(3f%),Yb(3{'0%) material prepared
using Ln(OH)CO5; compared to the one prepared using Ln,Os. All
together, these results confirm the better suitability of hydro-
xycarbonates as precursors for high quality optical materials and
better dopant ion distribution by using the microwave synthesis.

4. Conclusion

In this work, Er¥*-doped and Er**Yb**-co-doped Gd,0,S were
prepared by the microwave-assisted solid-state (MASS) synthesis,
producing efficient upconversion (UC) materials. The syntheses were
performed in a domestic 1 kWh microwave oven in 2 steps of 25 min
each, using two different lanthanide precursors - Ln,Os and Ln
(OH)COs, where Ln>": Gd, Er, Yb. In addition, materials were prepared
with several Er**,Yb®* dopant concentrations to investigate the op-
timal concentration for the highest UC intensity and compare with
commercial samples. Co-doped Gd,0,S:Er**,Yb*" materials were
shown to have superior UC performance over the single-doped
Gd,0,S:Er>* ones - 2% of UC efficiency was estimated for the
Gd,0,S:Erdioyy material, while the most efficient co-doped materials,
ie. Gdy0,S:Erfsy), Ybisy) and Gdy0,S:Erdiy,Ybtiox showed UC effi-
ciencies around 15%. Moreover, such efficiencies were 3-8 times
higher when using Ln(OH)CO;3 instead of Ln,O3 as starting materials.
Lifetime decay measurements explained this improvement by a more
homogeneous distribution of dopant ions and possibly a higher crys-
tallinity (less defects) when using the more reactive hydroxycarbonate
precursor. The highest UC emission intensity among the MASS-pre-
pared materials where observed to be only 2-3 times less bright than
the best commercial UC materials with same nominal Er>*,Yb3* dopant
concentrations. Therefore, the MASS synthesis was demonstrated to be
a rapid and energy-saving method to prepare high crystalline and
optical quality UC materials, being a cost-effective and en-
vironmentally friendly method suitable for large-scale production.
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