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Lanthanide ions have abundant excited-state channels which result in a radiation relaxation process
generally accompanied by a non-radiation relaxation process. However, non-radiation relaxation
processes will consume the activation energy and reduce the luminescence efficiency of the phosphor.
Two lasers with an excitation energy which matched the ground state absorption and excited state
absorption of ions were used to excite the phosphors to avoid the non-radiation relaxation process. This
approach can achieve the purpose of populating specific states of the lanthanide ions, and furthermore
effectively tunes the luminescence intensity and color output of the sample. Results show that the red
emission intensity of the sample is significantly improved and this is caused by populating the *Fs,, level
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to excite the sample, the green emission obtained increased sharply because the 2H11/2/453/2 states were

DOI: 10.1039/c8ra025039 efficiently populated. As a proof-of-concept experiment, this new approach has potential in the

rsc.li/rsc-advances applications of solar cells.

1. Introduction

The lanthanide ion doped upconversion luminescence (UCL)
materials with unique optical and chemical properties have
become cutting edge topics in the field of materials science.'
The intrinsic absorption efficiency of lanthanide ions is low
because of the f-f part forbidden transition of the rare-earth
ions. Further, the 4f" electron state of the lanthanide ions is
enriched and usually leads to multiple overlapping emissions.*
The upconversion (UC) mechanism of lanthanide ions mainly
includes ground state absorption (GSA) and excited state
absorption (ESA). The non-radiative relaxation would inevitably
occur during the energy transfer (ET) process which was caused
by closer energy level spacing, which resulted in a lower UCL. At
the present time, the controllable multicolor output is one of
the hot topics in the UCL materials’ field.> Much basic research
has been reported on the tuning of the UCL color output, such
as choosing different combinations of matrix and activator,®”®
increasing ion doping concentration,'** controlling the
particle size and morphology of upconverting nanoparticles and
so on.”*" The disadvantages of these methods usually come at
the expense of weaker emissions. Recently, Shao et al.** and
Wang et al.*® and Su et al.’” used photonic crystals to tune the
UCL which greatly enhanced the emission intensity.
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Notably, the erbium (Er**) ion can work on 800 nm, ~980 nm
or ~1500 nm excitation wavelengths (commercial infrared laser
sources) because of its unique ladder-like energy levels (*Ios,
1112 and “I335). Thus, the Er** ion is also a suitable alternative
that can be used both as an activator and as a sensitizer. The co-
operative excitation of multi-wavelength lasers was conducted
to match the energies of GSA and ESA processes in Er*" ions,
which sharply boosted the UCL efficiency because the excitation
power and UC emission intensity are a non-linear relationship.
More importantly, this method can control the pumping of the
specific level and regulate the luminescence color output. Zuo
et al*® reported that Er*'-doped sodium yttrium fluoride
(NaYF,) samples were co-excited by three excitation sources
such as 800 nm, 980 nm and 1530 nm. The UC emission
intensities obtained from co-operative excitation are three times
higher than the sum of UC intensities obtained using single
laser excitation, which indicated that the UC properties of
luminescence materials can be adjusted by multi-band co-
excitation.

At the present time, fluoride matrix materials have been
attracting a lot of attention because of their high UCL efficiency.
The traditional high efficiency UCL fluoride-based materials
cannot meet the requirements of stability of the UC materials in
special applications. However, sulfur oxide, because of its high
UC efficiency and superior physical properties such as high
chemical stability and thermal stability, has been widely used as
several commercial luminescent material matrices (illumina-
tion and display technology). Rare-earth doped oxysulfide is
a very traditional luminescent material, and the research on it
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can be divided into two main categories. (1) Different prepara-
tion methods, such as vacuum sintering, precipitation, sol-
vothermal methods, thermal decomposition and other methods
were adopted to prepare oxysulfide luminescent materials, and
to regulate size, morphology, and shape of the product ob-
tained.”* In recent years, most of the work was mainly
contributed to the synthesis of nano oxysulfide-based materials.
(2) The downconversion luminescence (DCL) and UCL of rare-
earth oxysulfides excited by a single wavelength were studied
to explore its luminescence properties, especially for the
DCL.»** Previous results show that micron sized rare-earth
oxysulfides have very good UCL properties.”® More impor-
tantly, microsized UCL materials with highly luminescence
efficiency, colorful emission input, and which are environ-
mentally friendly are required for many practical applications,
such as up-conversion X-ray detection, full-color displays, laser
anti-counterfeiting and so on.

In this research, yttrium oxide sulfide doped with ytterbium
and erbium (Y,0,S: Yb, Er) micro-crystals were prepared using
a modified sulfide-fusion method and a variety of combinations
of wavelength provided the excitation to excite the product ob-
tained, effectively tuning the luminescent properties of the
phosphor. The benefit of this research is that the novel method
has great potential in the applications of solar cells and display
technology.

2. Experimental
2.1 Sample preparation

The Y,0,S: Yb, Er samples were prepared using a modified
sulfide-fusion route. The starting raw materials [yttrium(i)
oxide (Y,0j3), ytterbium(u) oxide (Yb,O3), erbium(um) oxide
(Er,03), sulfur (S)] and fluxes [sodium carbonate (Na,COs,
potassium carbonate (K,COj3), tripotassium phosphate (K3PO,)]
to effectively reduce the calcination temperature were weighed
according to stoichiometric ratio. The materials were thor-
oughly mixed and ground for 20 min using an agate ball mill.
The samples were sintered in a nitrogen and hydrogen atmo-
sphere at 1100 °C for 90 min and afterwards the mixture was
pressed to form disks (30 MPa for 10 min). The sintered samples
were washed several times with dilute hydrochloric acid and
distilled water, and then dried. The Y,0,S: xYb, yEr samples
with different Yb®>" and Er’* concentrations were then obtained
(x = 5, 8 mol%, y = 1, 2, 4, 6 mol%) (Table 1). The doping
concentrations of Er’" and Yb*' were selected based on the
results of previous work.>**

Table 1 Chemical composition of various samples

Composition
Samples Yb (mol%) Er (mol%)
#1 5 2
#2 5 4
#3 8 1
#4 8 2
#5 8 4
#6 8 6

16558 | RSC Adv., 2018, 8, 16557-16565

View Article Online

Paper

2.2 Characterization technique

X-ray powder diffraction (XRD) was performed at 40 kV and 40
mA using a SmartLab 9 X-ray generator (Rigaku) with Cu Ka (A =
0.15406 nm) radiation. The samples were pressed to form disks
at 30 MPa using a FW-4A powder press machine. The UCL
spectra (400 nm to 850 nm) were recorded on a FS5 fluorescence
spectrometer (Edinburgh Instruments) with a 0.5 nm slit,
equipped with a power tunable 808 nm, 980 nm and 1510 nm
fibre laser diode (LD). The highest available power for the LD for
all emissions was approximately 800 mW. The reflection spectra
of the solutions were obtained using a UV-3600 ultraviolet-
visible-near infrared (UV-Vis-NIR) spectrophotometer (Shi-
madzu). The morphology and energy dispersive X-ray spec-
troscopy (EDS) of the samples were performed using an Inspect
F50 scanning electric microscope (SEM; FEI). The patterns were
obtained using a self-assembled optical display imaging system.

3. Results and discussion

The XRD for all samples was measured to identify the phase of
these samples and all the XRD patterns had a similar profile.
The peak positions of the XRD patterns agree with those of
Y,0,S crystals (JCPDS no. 24-1424), and this indicated that the
pure hexagonal phase Y,0,S: Yb, Er crystal was synthesized
successfully (Fig. 1a). The doping of Er and Yb into Y,0,S had
no obvious effect on the crystallinity. The diffraction peak had
a small shift to a large angle because the ion radii of the doped
Yb** (0.858 nm) and Er** (0.881 nm) ions were smaller than that
of the substituted Y>* ion (0.893 nm) resulting in expansion of
the lattice parameters according to the Prague formula. As an
example, the morphology of the Y,0,S particles obtained
(samples #1, #4, and #6) are shown in Fig. 2a-c. The prepared
particles were highly crystalline and had a uniform size distri-
bution. The EDS results revealed that the samples were
composed of O, Y, S, Er, and Yb elements, which further
confirms the presence of Er and Yb in the Y,0,S microparticles
(Fig. 2d-f). Fig. 1b shows the diffuse reflectance spectra of
sample #6. The absorption peaks at ~800 nm, 980 nm, and
~1500 nm could be assigned to the transition from an Er**
ground state L5, to excited states ‘I, ‘i1, and *Iyz,
respectively. This means that the Er** ions can be excited by all
the ~800 nm, 980 nm, and ~1500 nm excitation wavelengths.
Additionally, the absorption peak at ~980 nm also corresponds
to the transition from the 2F,,, level to the *Fs,, level in Yb**
ions.

3.1 UCL performance at single wavelength excitation

Y,0,S: Yb, Er samples both exhibited green UCL under single
808 nm and 980 nm pumping (Y,0,S: Yb, Er at 808 nm and
Y,0,S: Yb, Er at 980 nm), respectively, (Fig. 3a and d). Although
the red and green fluorescence intensity ratio (Iz/Ig) of Y,0,S:
Yb, Er at 808 nm and Y,0,S: Yb, Er at 980 nm is 2-3, they still
showed green emission to the human eye because it is 20 times
more sensitive to green radiation than to red light under good
lighting conditions. The red emission in Y,0,S: Yb, Er at
808 nm and Y,0,S: Yb, Er at 980 nm was mainly caused by the

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 XRD patterns (a) and UV-Vis-NIR reflectance spectra of sample #6 (b).

combination of non-radiative relaxation and cross relaxation
(CR) processes. The mechanism of red emission in Y,0,S: Yb, Er
at 808 nm may be as follows: (1) *Ioj, + multiphonon relaxation
= 1723 Ti1/2 + AWg08 nm — “Fa/2/"Fspa, “Fy2/"Fs/2 + multiphonon
relaxation — “Foy, (2) oz + “To;2 = Tizsz + S35 “Ioj + 'S5 —
*Fop, + *Foj, (Fig. 3c). The red emission in Y,0,S: Yb, Er at
980 nm may be as follows: (1) *I,/, + multiphonon relaxation —
325 iz + Mvogo nm = “Fop, (2) "Liaja + "Frpp = “Fopp + 'Fopy
(Fig. 3f). However, the green emission of Y,0,S: Yb, Er at
1510 nm excitation (Y,0,S: Yb, Er at 1510 nm) was significantly
inhibited and the red component was increased, which
contributed to *Io, + multiphonon relaxation — *I,4,,, and Er**
(*lojz) — Yb*' (°Fs;) — Er’" (“133/,) processes (Fig. 3g and i).
These results indicated that non-radiative relaxation inevitably
occurs during the UCL process. Note that Y,0,S: Yb, Er at

1510 nm presented pure red UCL with low Er*" ion concentra-
tion and the green component was enhanced as the Er’* ion
concentration increased. The possibility of the *Fo, + *Fo;, —
*Fy), +*111/» CR and ET processes may affect the GSA process of
ions and inhibit the pumping of the “Fo, level at high Er**
concentrations. In addition, the Iz/I; of sample #3 increased
with the excitation power at a single excitation of 808 nm and
980 nm, whereas that at 1510 nm significantly decreased from
74 to 29.18 with the increase of excitation power (Fig. 3b, e, and
h). With the increase in excitation power, the overall lumines-
cence intensity of the sample increased, that is, the red and
green emission intensity of the samples were both obviously
improved, but the degree of enhancement of the two emissions
was different. This was because of the speed of population of
the ?Hyq//*S52, and *Foy, levels and decay rates were both

d f
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Fig. 2 SEM image of #1 (a), #4 (b), and #6 (c) samples, EDS data of #1 (d), #4 (e), and #6 (f) samples.
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Fig. 3 UCL spectra of Y,O,S: Yb, Er samples under excitation at 808 nm (a), 980 nm (d), 1510 nm (g), the dependence of Ir/lg on excitation of
808 nm (b), 980 nm (e), 1510 nm (h) LD, transition model of doped ions in the Y,O,S: Yb, Er phosphor excited at 808 nm (c), 980 nm (f), 1510 nm

(i).

different. Compared to Y,0,S: Yb, Er at 808 nm and Y,O,S: Yb,
Er at 1510 nm, the UCL intensity of Y,0,S: Yb, Er at 980 nm
decreased with the increasing of Er** ions because the Yb** ions
act as an effective sensitizer at 980 nm pumping.

16560 | RSC Adv., 2018, 8, 16557-16565

3.2 UCL performance at multi-wavelength excitation

3.2.1 Simultaneous excitation at 1510 nm and 980 nm.
Upon excitation by a single wavelength excitation source, the

Er* jon transition channels contain many harmful ET

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 UCL spectra (a) of sample #3 co-excited at 980 nm (14 mW) and 1510 nm (73 mW), UCL spectra of sample #3 excited at 980 nm and
1510 nm (87 mW) (inset of a), the dependence of the enhanced factor for red and green light on the concentration of ions under the co-excitation
of 980 nm and 1510 nm (b), the dependence of Ir/lg for sample #3 on the excitation power of co-excitation of 980 nm and 1510 nm (c), the
transition mechanism of ions upon simultaneous excitation at 980 nm and 1510 nm (d).

processes such as non-radiative relaxation, which resulted in
weak emission. In order to reduce the probability of non-
radiative relaxation, the samples were excited simultaneously
using two wavelength excitation sources so that the excitation
energies matched with the energies of GSA and ESA. The 1,4,
and “I,5, energy levels had absorption peaks at ~980 nm, and
~1500 nm, respectively, in the absorption spectra. The energy
difference between the “Fy/, and “I;5, energy states of the Er**
ion was ~6600 cm™" which matched the excitation energy of
1510 nm. The energy difference between the *Fo;, and I,y
energy states of the Er’” ion was ~10 200 cm ™" which matched
the excitation energy of 980 nm. Thus, the co-operative excita-
tion of two lasers (1510 nm and 980 nm) were used simulta-
neously to excite Er’*, to contribute to the GSA and ESA
processes. Sample #3 showed highly efficient UCL at simulta-
neous excitation of 1510 nm (73 mW) and 980 nm (14 mW)
(Fig. 4a). Under dual wavelength excitation, the emission
intensity (integral intensity) in the visible region of the sample
was 3.2 times higher than the sum of UCL emission under the
two single wavelength excitations, where the red light intensity

This journal is © The Royal Society of Chemistry 2018

was increased 3.4 times and the green light was only enhanced
2.1 times. Because UCL is a typical non-linear optical process (I
= kP", where I is emission intensity, k is a coefficient, P is the
incident power density, and 7 is the number of pump photons),
the emission intensity was sharply enhanced when the incident
excitation energy was increased by superimposing the multi-
band excitation. However, the emission intensity of the
sample #3, excited by single 1510 nm (87 mW), was only 0.64
times higher than that obtained with two wavelength excitation
(inset of Fig. 4a). The UCL intensity of the sample at 980 nm
excitation (87 mW) was higher than that of the simultaneous
two wavelength excitation because of the efficient absorption of
Yb*" ions at 980 nm and the high ET efficiency. Using proof-of-
concept experiments, it was demonstrated that this novel
method had potential for use in solar cell applications of
because the UC materials could convert NIR to UV/Vis light to
enhance the utilization of the solar spectrum. Additionally, the
increase of emission intensity of the sample under double
wavelength excitation decreased, and the enhanced factor for
red light decreased more rapidly than that for green light with

RSC Adv., 2018, 8, 16557-16565 | 16561
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Fig. 5 UCL spectra (a) of sample #3 co-excited at 808 nm (14 mW) and 1510 nm (73 mW), UCL spectra of sample #3 excited at 808 nm and
1510 nm (87 mW) (inset of 5a), the dependence of the enhanced factor for red and green light on the concentration of the ions under the co-
excitation of 808 nm and 1510 nm (b), the dependence of Ir/Ig for sample #3 on the excitation power of co-excitation of 808 nm and 1510 nm
(c), the transition mechanism of ions upon simultaneous excitation at 808 nm and 1510 nm (d).

the increase of the Er** ion concentration (Fig. 4b). This indi-
cated that it is possible that the CR and other ET processes
increased with high Er’* ion concentration and that this
affected the GSA process of ions and inhibited the pumping of
the *Fo, level.

When the 1510 nm and 980 nm were used to simultaneously
excite the sample, the color output of the sample could be
effectively adjusted by changing the excitation power of the
single wavelength laser (Fig. 4c). Interestingly, the dependence
of the Iz/I; on the excitation power was different from that
under single wavelength excitation. When the excitation power
of 980 nm was fixed, the Ix/I; of the sample increased with the
increasing of the 1510 nm excitation power. However, when the
excitation power of 1510 nm was fixed, the Iz/I; of the sample
decreased which was caused by the population of the *H,1,/"S3,
, energy level via the Yb** — Er®" ET with the increase of the
980 nm excitation power. Compared with the single 980 nm
excitation, the red UCL intensity of the sample was effectively
enhanced by suppressing the green emission under the

16562 | RSC Adv., 2018, 8, 1655716565

1510 nm and 980 nm co-excitation. The possible UC mecha-
nism for the sample at 1510 nm and 980 nm co-excitation is
shown in Fig. 4d. Possible mechanisms are as follows: *I5/, +
Moo nm = “Ti1s2; Tz + WVis510 nm = “Fopz, OF “Lisp + AVi510 nm
= 2Liss; My + MVoso nm — “Fop. These two processes have
contributed to the population of the “Fy, energy level and
improved the red light intensity. The previous results confirmed
that the luminescence properties of a sample can be signifi-
cantly adjusted using 1510 nm and 980 nm co-excitation.

3.2.2 Simultaneous excitation at 1510 nm and 808 nm. The
*Fq, level of the Er*" ion was populated by the co-operative
excitation of 980 nm and 1510 nm as described previously,
and so an approach was then proposed to pump the *Hy;/,/*S3/,
level of Er** ions by using simultaneous 808 nm and 1510 nm
excitation. The absorption peak of the “I,, level was at
~800 nm. The energy difference between the g/, and *Hy4,/"Ss,
, states of the Er** ion was ~6600 cm ™~ which matches with the
excitation energy of 1510 nm. The energy difference between the
135, and *Hy,/*S;,, states of Er¥* ion was ~10 200 ecm ™ * and

This journal is © The Royal Society of Chemistry 2018
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Fig. 6 Schematic of the display setup for a galvanometer imaging device (a), colourful patterns obtained using excitation at 808 nm (b), 980 nm

(c), and 1510 nm (d).

this matched exactly with the excitation energy of 980 nm.
Therefore, samples were excited using the co-operative excita-
tion of two lasers (1510 nm and 808 nm) to explore the lumi-
nescence properties of samples. The UCL intensity of sample #3
also increased significantly at simultaneous excitation at
1510 nm (73 mW) and 808 nm (20 mW) (Fig. 5a). Compared to
the sum of UCL intensity excited by 1510 nm (73 mW) and
808 nm (20 mW) single wavelengths, the overall luminescence
intensity of the sample was increased by 2.0 times, whereas the
green light intensity was enhanced 2.9 times and the red light
intensity was increased 1.8 times under co-excitation. Under
808 nm and 1510 nm simultaneous excitation, the lumines-
cence intensity of sample #3 was 2.3 times higher than that
under single 1510 nm excitation (93 mW), and 1.5 times higher
than that under 808 nm pumping (93 mW) (inset of Fig. 5a).
With the increase of doping concentration of the Er** ion, the
intensity enhancement factor of the sample reduced when
simultaneous excitation at two wavelengths was used and the
enhancement factor for green emission decreased faster than
that for red emission (Fig. 5b). When the excitation power at
808 nm was fixed, the Iy/I; of the sample increased with the
increase of the 1510 nm excitation power (Fig. 5¢). Because of
the short lifetime of the %Iy, level of the Er*" ion, the Iy, +
multiphonon relaxation — *I;/, process will inevitably occur.
The *Fo, level was populated and this was caused by the pop-
ulation of the *1,,,, energy level, therefore the I/I of the sample
increased as the excitation power of 1510 nm increased.
However, when the excitation power of 1510 nm was fixed, the
I/l of the sample decreased with the increase of the 808 nm

This journal is © The Royal Society of Chemistry 2018

excitation power. The possible UC mechanism for the sample at
1510 nm and 980 nm co-excitation is shown in Fig. 5d. Possible
mechanisms are as follows: “I;5/, + Agog nm — oj2; *Toja + Av1s510
nm = “Hi1a/*S37, 0 “Lisn + vis510 nm = “Tizas “Lizja + Mvgog nm
= *Hy1/'S3p2-

3.3 Application in display technologies

Obviously, the unique properties of the UCL materials will make
them useful for many potential applications such as display
technologies and so on. In the following experiment, a typical
application display was performed. The as-prepared sample #3
was dispersed into transparent organic compounds according
to certain ratios and then coated on an ordinary substrate. This
luminescent film gave a bright green visible light under exci-
tation of 808 nm and 980 nm, and displayed red UCL at exci-
tation of 1510 nm. Because infrared light is not visible to human
eyes and different wavelengths of the infrared excitation source
were not easy to distinguish, the luminescent film dispersed
with sample #3 could be used for detecting and distinguishing
infrared light. Subsequently, a galvanometer scanning system
was adopted to achieve the display (Fig. 6a). An optical micro-
scope was used to capture images that can be shown on
a computer. The galvanometer has two lenses (X-axis and Y-
axis). The patterns were obtained when incident laser light was
reflected from the X-axis to the Y-axis lens and then reflected on
the luminescent film. The patterns changed as the angle of
these two lenses was changed. Different colored patterns were
achieved with different excitation sources (Fig. 6b-d).
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4. Conclusions

In this research, the co-operative excitation of two lasers
(808 nm and 980 nm or 1510 nm and 980 nm) was used to excite
phosphors (to avoid the non-radiation relaxation process),
which boosted the luminescence intensity. The specific states of
the lanthanide ions can be populated to further tune the color
output of the sample. The results show that the emission
intensity of the sample excited by a dual wavelength was 3.2
times higher than the sum of UCL emission under two single
wavelength excitation, whereas the red and green light inten-
sities are increased 3.4 and 2.1 times, respectively. However,
compared to the sum of UCL intensity excited by 1510 nm and
808 nm single wavelength, the overall luminescence intensity of
the sample is only increased by 2.0 times, whereas the green and
red light intensities are increased by 2.9 and 1.8 times,
respectively, under co-excitation. With the increase of doping
concentration of the Er** ion, the enhanced factor of lumines-
cence intensity for a sample significantly degrades under the
simultaneous excitation of two wavelengths because of the
interaction between nearby ions. Furthermore, as a proof-of-
concept experiment, this new approach has potential in the
field of solar cells.
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