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In this paper, ScVO4:10%Yb> /2%Er** nano/micro-particles doped with optical-inert metal ions including
the alkali metal ions (Li*/Na*/K"), alkaline-earth metal ions (Mg®*/Ca®*/Sr?*/Ba®*) and lanthanide ions
(Y3*/Gd>*/Lu®") were synthesized by a conventional solid-state method. X-ray diffraction studies show
that the prepared ScVO4:10%Yb**/2%Er** whether single-doping, codoping or tridoping optical-inert
metal ions are highly crystalline in nature with tetragonal phase structure when the doping concentration
= 10%. Under a 980 nm laser diode excitation, the upconversion luminescence was enhanced
significantly by single doping of Li*, Na*, K*, Mg®*, Ca?*, Sr2*, Ba?*, Y3*, Gd*" or Lu®*", showing the
strongest green emission with 5 mol% Li* dopant. For codoping optical-inert metal ions system, it is
found that Li*/Gd®* couple is the most effective codopant, leading to an drastic increase of the UC
luminescence centered at 554 nm by a factor of 15.3 compared to optical-inert metal ions free sample,
while the factor of Li*/Ca®*/Gd>* tridoping system is only 4.6. This work aims to investigate the origin of
UC luminescence enhancement for ScVO4:10%Yb>t/2%Er®™ after codoping optical-inert ions based on
the systematical analyses of the structures, morphologies, chemical states of elements, oxygen defects,

Received 8th September 2017 optical absorption properties, etc. Furthermore, temperature-sensing performance was also investigated
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using the fluorescence intensity ratio technique. This opens a new window for studying the cooperation
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1 Introduction

Infrared-to-visible upconversion (UC) of rare-earth (RE) ion-
doped phosphors (UCPs) has been studied extensively in the
past few years, due to their huge potential applications in the
fields of solid-state lasers,”> 3D display,>* fluorescence
labeling,>®  bioimaging,”® therapy®® and temperature
sensor,"*™** etc. Despite the renewed interests and rapid progress
being made, the UC efficiency of the currently available mate-
rials is not high enough for truly wide spread applications. It is
therefore imperative to find ways to significantly improve the
efficiency. Generally, the UC intensity and quantum efficiency
under excitation at 980 nm is governed by the following three
factors: (1) high electronic transition probabilities of the
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of the optical-inert ions doping effect on improving UC luminescence and temperature sensitivity

dopants, (2) the energy transfer rate from sensitizer (Yb**) to
emission centers (Tm’", Er’*, Ho>* etc.) and (3) the last but the
most important, the intensity of Ln**-doped UC materials
strongly depends on intra 4f-4f transition probabilities and is
also influenced by the crystal field symmetry and crystallinity of
the samples.™ In general, there were some strategies that have
been employed to achieve high efficiency in UC materials: (1)
selection of novel host materials; (2) tailoring local crystal field;
(3) plasmonic enhancement; (4) engineering energy transfers;
(5) suppression of surface-related deactivations;® and (6) the
effective Bragg reflection of photonic crystals.'>'* Among them,
the more simple and commonly used method is tailoring local
crystal field. Therefore, it is possible to modulate UC emissions
by tailoring the local crystal field of the luminescent centers in
an inorganic host matrix. As is well known that beyond these
sensitizer (Yb*") and activators (Tm®", Er’*, Ho*" etc.), the
periodic table also provides a rich diversity of optical-inert
elements that can be used to modulate emission, or to alter
the symmetry around activators, thus influencing UC lumines-
cence (UCL) properties by altering electronic transition proba-
bilities and enhance the UC efficiency. Meanwhile, it is more
cheap and economic to enhance UCL intensity through doping
the majority of optical-inert ions. By this means, common
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optical-inert ions include alkali metal ions (Li*, Na', K"),
alkaline-earth metal ions (Ca>*, Mg**, Sr**, Ba®"), transition
metal ions (Mn®", Fe®") and some other inactive lanthanide ions
(Ln*" = Gd*', Lu®") have been doped into various UCPs to
modulate their luminescence properties.’”>>

For example, Chen et al.*® discovered a 10 times increase in
blue emissions ('D, — °F,4, 'G; — °Hg) in Gd,05:Yb*, Tm**
nanoparticles by doping with 6% Li*. Song's group* demon-
strated 10 and 4 times increases in red (°F4, °S, — °Ig) and green
(°Fs — °Ig) emissions in Y,03:3%Li",4%Yb*",1%H0*" nano-
particles. Hom et al.”® reported that the NIR to NIR UC emission
intensity of 10 mol% K* substituted ZnMoO,:Tm>",Yb** nano-
crystals increased by 21-fold compared with K* free sample. Our
group® found that white UC emission was achieved in the
LugOsF5:6%Yb*",0.3%Er*",0.4%Tm?>", 5%Li* compared to Li*
free sample with the same activator concentration, besides, the
integrated UC emission intensity of LugO5Fs:20%Yb*",1%Er*",
3%Li" is 5.5 times as strong as that of commercial UC phosphor
(NaYF,:20%Yb*' 2%Er’"). Aside from alkali metal ions,
alkaline-earth metal ions can also be used to tailor the local
crystal field. Chen and Wang®” explored that UC luminescence
intensities of NaGdF,:Yb*'/Er*" were enhanced by about 200
times upon introducing Ca** dopants into the phosphors,
probably due to a modification of the crystal structure of
NaGdF, and an improvement in the crystallinity. Haase and co-
workers?® prepared CaAl;,0,9:Mg>",Yb*" Er*" UCPs, in which
the green and red emissions of the Er** ions was improved 4
and 1.5 times, respectively, compared with the counterparts
without Mg>" ions. On the other hand, not only the local site
symmetry, but also phase transition may be induced with
a higher concentration of host-ion substitution by non-active
Ln**. Liu and co-workers® investigated a NaYF,Er’",Yb*
system in which host ion substitution influences the nano-
crystal growth process to give simultaneous control over the
crystallographic phase, size and optical emission properties of
the resulting nanocrystals. It was demonstrated that NaYF,
nanocrystals can be rationally tuned in size (down to ten
nanometres), phase (cubic or hexagonal) and UC emission color
(green to blue) as well as intensity by replacing Y** with Gd**.
Zhang et al.*® discovered that the UC enhancement with size
decrease has been realized in p-NaLuF,:Yb>'/Er** nanocrystals
(NCs) through doping with Y** ions. Compared with B-
NaLug 75Ybg 2Er 02 F4 and B-NaYy ;5Ybg o Erg o2 F4 prepared under
the same condition, the green UC emission is enhanced by
a factor of 1.8 and 16, respectively, for B-NaLug4gYo3Ybo.o-
Ery ¢,Fs. UC luminescence of NaYy.9s5_,YDg.03Erg.0025CF4 Was
enhanced obviously by tridoping Sc** ions, contrasted to the
untridoped one, especially for higher energy emission.*
Comprehensively, it shows a rising trend, indicating that
optical-inert ions are becoming a more and more important and
hot topic in the field of UCL enhancement. It can be concluded
from above reports, most researchers have studied the effect of
co-doping with alkali metal ions, alkaline-earth metal ions and
inactive Ln®*" ions individually on the structural and UCL
properties of phosphors.**** Comparatively, there is rare
research about the effect of combination these optical inert
metal ions doping and lack of knowledge on the
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intercommunication between codopants on the UC lumines-
cence in controlling the properties of UCPs to the best of our
knowledge.

In addition, reasons for the UC emission intensity
enhancement through optical-inert co-dopants is yet to be
determined with complete certainty, and this investigation is
still an important and challenging research field. Most reports
described the experiment results to the following fact. Some
optical inert ions such as Li" may directly act as a flux or
sensitizer, and the others could enter into the host lattice,
creating oxygen vacancies or altering the crystal field
surrounding the activator, then affecting the luminescence
performances of the phosphors.**?° It is very important to
inquire into the characteristics of codopants so as to further
understand the mechanism of enhanced luminescence, and
also help us to look for some more effective codoping ions. Such
studies would be further helpful to understand the mechanisms
involved in enhanced luminescence of optical-inert ions and RE
co-doped materials.

In our previous work,* it is demonstrated that ScvVO,:Yb*"/
Er*" is a green-emitting phosphor with good monochromaticity,
while its emission efficiency still needs for the further
improvement. So in this work, we focused on the UCL
enhancement of ScVO4:Yb*'/Er*" through different kinds of
optical-inert ions (Li*/Na*/K*, Mg?*/Ca®"/sr**/Ba*" and Y**/Gd>"/
Lu**) single doping as well as combination doping. In order for
horizontal comparison, the concentrations of Li"/Na*/K*, Mg>*/
Ca®*/sr**/Ba®" and Y**/Gd>*/Lu®" are chosen to be with the same
value, respectively. Meanwhile, combination these optical inert
metal ions is a wishful and challengeable task since their radius
and valance are different. Overall, the present work provides
a comparative study including some powerful evidences and
a deep understanding on the origin of UCL enhancement for
the ScVO,:Yb**/Er*" phosphors after optical-inert ions doping in
either way.

On the other hand, during the operation of electronic and
photonic devices, temperature is needed to be monitored for
the best performance. Therefore, accurate sensing and mapping
of temperature in a non-invasive way is a challenging field of
research.*** Hence, this research-need motivated us to tailor
the structural and UCL properties of ScVO,:Yb**/Er*" nano/
microcrystals with optical-inert ions incorporation and to
study the temperature sensing performance. Based on the above
points, in this work, we employed a modified molten salt
method to prepare Yb*'/Er*"-codoped ScvVO, UCPs, adjusting
UC luminescence and temperature-sensing performance by
codoping optical-inert ions (Li*/Na'/K", Mg>"/Ca®'/Sr*"/Ba*" and
Y**/Gd* /Lu®"), to achieve the purpose of kill two birds with one
stone.

Comprehensively, it shows a rising trend, indicating that
optical-inert ions are becoming a more and more important and
hot topic in the field of UCL enhancement. It can be concluded
from above reports, most researchers have studied the effect of
co-doping with alkali metal ions, alkaline-earth metal ions and
inactive Ln*" ions individually on the structural and UCL
properties of phosphors. Comparatively, there is rare research
about the effect of combination these optical inert metal ions

This journal is © The Royal Society of Chemistry 2017
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doping and lack of knowledge on the intercommunication
between codopants on the UC luminescence in controlling the
properties of UCPs to the best of our knowledge.

2 Experimental
2.1 Synthesis

The raw materials Sc,03 (99.99%), Yb,O3 (99.99%), Er,O;
(99.99%), and NH,VO; (A. R.) were used directly without any
further purification. The stoichiometric raw materials were
ground in an agate mortar and heated to 800 °C for 4 h in air.
Then the as-synthesized samples were slowly cooled to room
temperature.

2.2 Characterization

The phase purity was determined using a Rigaku D/MAX-2400
powder X-ray diffractometer (XRD) with Cu Ka radiation (A =
1.54178 A) operating at 40 kv and 60 mA. The size, shape and
structure of the as-prepared samples were characterized by SEM
(S-4800). The room temperature Raman spectra were measured
at a backscattering geometry using an Ar-ion laser (Coherent
Innova 70) operating at 488 nm as the excitation source. Spectra
were recorded by a double grating spectrometer (Spex 1403)
equipped with standard photon counting equipment. XPS In
the measurements of UC emission spectra, a continuous
980 nm laser diode (LD) with maximum power of 1.0 W was
used as an excitation source, and the emission was collected
using a HORIBA JOBIN YVON Fluorolog-3 spectrofluorometer
system. The chemical components were analyzed by Fourier
transform infrared spectroscopy (FT-IR, Nicolet NEXUS 670). All
the spectral measurements performed at room
temperature.

were

3 Results and discussion

3.1 Effects of optical-inert ions on phase and morphology of
ScVO0,:10%Yb> /2%Er*

Fig. 1a shows the XRD patterns of optically inert ions (Li*, Ca®",
Gd*") single-doped, co-doped or tri-doped ScV0,:10%Yb*"/2%
Er*" phosphors. The diffraction peaks of ScVO,:Yb*'/Er’*
(optically inert ions free) can be well indexed, following a pure
zircon-type structure. The main diffraction peaks shift toward

(a) | J__S%Li,10%Ca, 10% Gd | (D) — =
A 10% Ca’, 10% Gd™'| 2
o 3 Bl
2 | L S% LI, 10% Ga™ | F—————\ ]
= l 5% Li" o, 2+ H —"—
- \ . 5% Li, 10% Ca L I
g LA i 10% Gd“"r 30 Bs |20 T35 20
g ) - . 10% Ca"| (€)ef
g l A A 5% Li’| 3 22
l A A No %‘zm.u
| JCPDS: 06-0260| =
r || T ~Il YR N PR S 258
10 20 30 40 50 60 70 80 SIS IIF
26 (degree) Y'Y O
Fig. 1 (a) XRD patterns, (b) shifting of main diffraction peaks, (c)

changes in main diffraction peaks position of Li*, Ca®*, Gd** doped
ScVO410%YD> /2%Er®* (“No” represents ScVO4:10%Yb> /2%ErsH).
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smaller angles corresponding to the standard pattern of ScvVO,
(JCPDS No. 06-0260) referenced below, indicating that the
substitution of S¢** ions by Yb**/Er*" ions cause the host lattice
to expand because the ionic radii of Yb** (0.86 A), Er** (0.88 A) is
larger than that of Sc** (0.75 A). Besides, it was noticed that the
samples were still well crystalline and no other impurity phase
was generated upon optically inert ions doping. To further
evaluate the effect of optically inert ions on crystal structure, the
main diffraction peaks (220) are compared for ScV0,:10%Yb>"/
2%Er*" with different kinds of optically inert ions doped or not,
as show in Fig. 1b and c. Although the main diffraction peak
moves irregular with doping one, two or three kinds of optically
inert ions, it is clear that the peak shift towards smaller angles
on the whole. In the tetragonal ScVO, host lattice, the optically
inert ions (Li*, Ca®" or Gd*") can enter ScVO, crystal site through
substituting for the Sc** ions or interstitial sites or coexist in the
two ways. Especially, it is more complicated that two or three
optically inert ions co-doped into the system of ScVO,:Yb/Er.
According to the Bragg's law 2dsinf = n4, where d is the inter-
planar distance, 6 is the diffraction angle, and A is the diffrac-
tion wavelength. Regardless optically inert ions (Li* (0.76 A),
Ca*" (1.00 A) or Gd** (0.94 A)) with larger radius substituted the
Sc®* (0.75 A) or occupy the interstitial sites, the interplanar
distance increased, resulting in the (220) position shifting
toward the lower 26 angle. Our experimental result is in accor-
dance with this theoretical analysis, while different optical inert
ions doping or doping method would cause the XRD peak of
(220) to produce different degrees of shift to the left.

3.2 SEM studies

The surface morphology and crystallinity of solid host materials
are important parameters which determine the emission char-
acteristics of phosphors. The microstructural analysis of
ScV0,:10%Yb**/2%Er**  and optically inert ions doped
ScV0,4:10%Yb**/2%Er*" samples was performed with the help
of SEM examination (Fig. 2). From Fig. 2, it is clear from the
SEM image that particles with the variation sizes are not
uniformly distributed throughout the surface, which is mainly
caused by the inhomogeneous distribution of temperature
during synthesis of the material by the solid-state technique. On
the whole, the synthesized particles without optically inert ions
doping appear chips-like shape, whereas cobblestone-like
shape and agglomerated irregular polyhedron morphology
particles were obtained when Ca®" or Li* ions were doped, while
chips-like shape was basically remained when Gd** doped.
From the local point of view, Fig. 2a shows that agglomeration
chips-like nanoparticles with diameter of about 140-400 nm
and length of about 750-1770 nm were obtained in the
ScV0,:10%Yb*/2%Er**. As shown in Fig. 2b, when Gd** was
further doped into the ScVO0,:10%Yb*'/2%Er** sample, the
morphology did not change greatly, remained the chips-like
shape except the size were enlarged of diameter ranging from
344 nm to 707 nm and length 1134-1879 nm, due to the radius
of Gd*" is similar with that of Sc*". In sharp contrast, when the
smallest metal ions Li* doped into the lattice, the SEM image
(Fig. 2c) display an irregular stone-like with corner angle
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Fig. 2 SEM of (a) optically-inert ions free, (b) Gd**, (c) Li*, (d) Ca*, (e) Li*/Gd®", (f) Ca®*/Gd**, (g) Li*/Ca®", (h) Li*/Ca®*/Gd®* co-doped

ScVO410%Yb>* /2%Er™.

appearance, and the surface just looks completely smooth and
integrated. If Ca>* was introduced into the ScVO,:10%Yb>*/2%
Er*" system, the resulting nanoparticles appear nearly smooth
and much more uniform cobblestone in shape. Whereas, as
shown in Fig. 2e-g, if doping combination two kinds of Li*, Ca®*
or Gd*" into ScVO,4:10%Yb>*/2%Er*", it is worth noting that the
surface just looks coarse and imperfect, and the size are not
uniform, ranging from 200-1000 nm. Especially for Li*/Ca®*/
Gd*" tri-doped into ScVO4:10%Yb*'/2%Er*", as displayed in
Fig. 2h, both diameter and length decreased more quickly,
resulting in small agglomerated nanoparticles with size of 200~
500 nm. These results obviously indicate that the optically-inert
ions doping indeed alters the particle growth process. To
express the changeable morphology and size with different
optical-inert ions clearly, the detailed size and shape of all these
samples were listed in Table 1.

3.3 UC photoluminescence properties

3.3.1 Comparison of UC luminescence of different
concentrations of alkali metal ions single doped ScV0,4:10%
Yb**/2%Er®*. Since the optical properties of UCPs are deter-
mined predominantly by the combination and concentrations
of the dopants, the 10%Yb>"/2%Er**-doped ScvVO, sample was
chosen to test the effect of Li* doping which is the smallest
alkali metal ion, because the 10%Yb**/2%Er*" doping in this
material showed the best results (see reference). The XRD

Table 1 Summary of the corresponding morphologies and dimen-
sions of samples with different optically-inert ions

Optically-inert ions Morphology Size (nm)

No Chips-like Length: 750-1770;
diameter: 140-440

Li* Smooth stone 971-1208

Ca** Cobblestone 176-317

Gd* Chips-like Length: 1134-1879;
diameter: 344-707

Li*/Ca* Smooth stone 400-800

Li*/Gd** Stone fragments 400-1400

ca*'/Gd** Smooth stone 200-600

Li*/Ca®"/Gd* Rough stone 200-500

51236 | RSC Adv., 2017, 7, 51233-51244

patterns of ScV04:10%Yb*"/2%Er*" phosphors doped with 0-
10 mol% of Li" are shown in Fig. 3a. All the diffraction peaks
can be well indexed to the tetragonal phase ScvO, (JCPDS No.
06-0260). All samples were well crystalline and no other impu-
rity phase appeared with increasing Li" doping concentration
even reach 10 mol%. Under excitation of a 980 nm diode laser,
the UC emission spectra of ScVO,:10%Yb>*/2%Er*" phosphors
doped with 1, 3, 5,7 and 10 mol% Li" ions, have been measured,
as displayed in Fig. 3b. Two strong primary bands at about 522
and 554 nm are assigned to the *Hy;/, — *I15, and *S3 ), — I35/
transitions of the Er*" ions, respectively. A weak band at about
671 nm is ascribed to the *Fo,, — “I;5,, transition of Er*" ions.
The intensities of both green and red emissions improved with
the increase of Li"* doping concentration from 0 to 5 mol%, and
subsequently decreased with further increase of Li* concentra-
tion from 5 to 10 mol%. Especially, much higher concentration
of Li" dopant, such as 10%, can further improve the UC emis-
sion of Er’" but relatively slightly. Moreover, the emission
intensity of the strongest sample is about 6.1 times as high as
that of the Li* free sample.

As well as Li', other alkali metal ions like Na* or K" might
possibly influence the final crystal structure and UC lumines-
cence, so Li*, Na' or K" with the same doping concentration
5 mol% were studied and compared in a similar way. The XRD
patterns of different alkali metal ions doped ScVO,:10%Yb**/
2%Er*" are presented in supporting Fig. S1a.f All of the XRD
patterns could clearly be indexed to the pure tetragonal phase of
ScvO, (JCPDS No. 06-0260), and no trace of other phases or
impurities were observed, indicating all the optical-inert ions
and Yb*'/Er*" ions are incorporated into the ScVO, host matrix
and formed a solid solution structure. The UC luminescent
performance of alkali metal ions doping ScVO4:10%Yb**/2%
Er** was studied, as exhibited in Fig. S1b.} Obviously, addition
of alkali metal ions significantly intensified the UC emission
intensities of all the two emission bands and the trend of
increment is the same for the two emission bands as: Li" > Na" >
K" > No alkali metal ions. It is also observed that all the UC
bands are splitted into several Stark components. The UC
luminescence splitting from *S;, — I35/, and *Hyyp — “Iispn
transitions of Er*" was observed results from the coordination
field effect of host matrices. Similar phenomenon were also
observed in previous reports.*’

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 XRD patterns (a), UC emission spectra (b) of Li* (1-10 mol%)
doped ScVO4:10%Yb**/2%Er** samples.

3.3.2 Comparison of UC luminescence of different
concentrations of alkaline earth metal ions single doped
ScVO0,4:10%Yb> /2%Er*". Similarly with 3.3.1, in order to deter-
mine the optimal doping concentrations, UC luminescence
intensity of ScV0,:10%Yb**/2%Er** doped with different
concentrations of Ca®>" from 1 mol% to 10 mol% was investi-
gated. The XRD patterns of the as-prepared ScV04:10%Yb>"/2%
Er’/x%Ca*" (x = 0-10) are shown in Fig. 4a, according with that
of JCPDS No. 06-0260, indicating that these samples are of
single phase. Under 980 nm laser excitation, all the Scv0,:10%
Yb**/2%Er**/x%Ca** (x = 0-10) samples emit green light, as
shown in Fig. 4b. The emission bands at 522, 554 and 671 nm
are ascribed to the transitions of *Hy1, — “I;50, *S32 = L1502
and “Fop — *Lisp, respectively. Their emission intensity is
affected by the Ca®* concentrations. At the optimal Ca**
concentration of 1 mol%, the emission intensity at 554 nm
increases 3.7 times.

Similarly, other alkaline earth metal ions (Mg>", Sr** or Ba**)
with doping concentration 1 mol% were also studied to inves-
tigate their influence on the final crystal structure and UCL
properties. Fig. S2af depicts XRD patterns of the ScvV0,4:10%
Yb**/2%Er** doped with alkaline earth metal ions (Mg>*, Sr** or
Ba”"), all the diffraction peaks of samples still correspond to the

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 XRD patterns (a), UC emission spectra (b) of Ca®* (1-10 mol%)
doped ScVO,4:10%Yb**/2%Er** samples.

tetragonal structure (JCPDS No. 06-0260) and no other impurity
phase was detected. The normalized UC emission spectra of
calcined ScV0,:10%Yb**/2%Er** doped with alkaline earth
metal ions (Mg?*, Ca**, Sr** or Ba®*) are shown in Fig. S2b.}
Obviously, addition of alkaline earth metal ions enhanced the
UC emission intensities and the trend of increment is as: Sr** >
Ca®" > Mg”" > Ba®>" > No alkaline earth metal ions. Doping with
alkaline earth metal ions (Mg>", Ca**, Sr** or Ba®') intensified
the UC emission by almost 2.5, 3.7, 4.7 and 2.3 fold to that of
optically inert ions-absent sample, respectively.

3.3.3 Comparison of UC luminescence of different
concentrations of inactive Ln*" single doped ScvV0,:10%Yb>*/
29%Er**. Considering the Gd** ion has similar properties with
Sc**, a large range of 0-100 mol% Gd** ions were single-doped
into the ScV04:10%Yb*"/2%Er*" sample. The XRD patterns of
ScV0,:10%Yb*/2%Er*/x%Gd>" (0 = x =< 100) are shown in
Fig. 5a. Compared with the standard patterns of ScvVO, and
GdvO,, when the Gd** content is less than or equal to 10 mol%,
diffraction peaks of the obtained sample can be well indexed as
pure ScVO, phase. On doping with increased Gd*" concentra-
tions to 30 mol%, GdVO, phase started to appear, and the
sample composed of two phases, ScVO4: tetragonal phase, and
GdVO4: tetragonal phase. When the Gd** content reaches up to

RSC Adv., 2017, 7, 51233-51244 | 51237
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Fig. 5 XRD patterns (a) and UC emission spectra (b) of 0-100% Gd>*
doped ScVO4:10%Yb3 T /2%Er®*.

50 mol%, the peaks of ScVO, phase fall sharply, and GdVO,
phase dominate on a large scale. When the Gd** content further
increases to 70 mol%, ScVO, phase nearly disappears and
almost pure GdVO, phase can be achieved. Finally, the pure
tetragonal phase of GdVO, was obtained as the Gd*" ion
concentration reached up to 100 mol%. In a word, the gradually
decrease of diffraction peak intensities of the ScvVO,-phase is
correlated with an increasing Gd** dopant concentration and
the rise of the diffraction peak intensity of the GdVO, phase.

In order to reveal the concentration-dependent UCL proper-
ties and obtain the optimum concentration of Gd*" ions doping
in host lattice, the Gd** concentration dependent UCL spectra of
the ScVO,:10%Yb**/2%Er*" samples are shown in Fig. 5b. As can
be evidently seen that the doping of Gd*" ion (even Gd*" ion
concentration reached 100 mol%) cannot change the position of
typical emission of Er’*. The UC emission intensity enhanced
with rising Gd** doping content from 0 to 30 mol%, and then
started to weaken when the Gd®* concentration exceeds 30 mol%.
The UC emission intensities at 554 nm in ScVO,:10%Yb®*/2%Er*
nanocrystals doped with 30 mol% Gd** are about 3.2 times than
that of Gd**-absent sample. The red emission intensity has a little
change after Gd*" introducing. In stark contrast, the UC lumi-
nescence intensity of GdVO,:10%Yb**/2%Er*" (Gd** content
reaches up to 100 mol%) is 1.2 times lower than that of
ScV0,:10%Yb*/2%Er*" (Gd** concentration 0 mol%), indicating
that ScVO, is more suitable as UCL host than GdVO,.
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From the analysis above, when the Gd*" content is less than
or equal to 10 mol%, all the X-ray diffraction peaks of the
sample can be well indexed as pure ScVO, phase. Therefore, the
10 mol% doping content of Y**, Lu®*" was chosen for the
following investigations. Firstly, XRD patterns of these samples
are shown in Fig. S3.7 All the diffraction peaks can be indexed to
those of the tetragonal phase ScvO, (JCPDS card No. 06-0260).
Influences of non-luminescent Y**, Gd** or Lu®" dopant on the
UCL properties of ScV0,:10%Yb**/2%Er*" phosphors were
compared and studied, as shown in Fig. S3b.7 Obviously,
addition of Y*"/Gd**/Lu®* significantly intensified the UC
emission at the green as well as red region and the order of
increment was Lu*® > Gd** > Y*" > inactive ions free. It is
worthwhile pointing out that substitution of 10 mol% Lu*"
intensified the UC emission by almost 3.4 fold than that of non-
active RE ions free-sample.

Fig. 6 summaries the UCL intensity of ScV0,:10%Yb>*/2%
Er** with various optical-inert ions single substitution. It can be
seen clearly that optical-inert ions doping enhanced the UCL
intensity in different degree. Among them, 5 mol% Li" doping
shows the biggest enhancement, by almost 6.1-fold compared
to that of ScV0,:10%Yb*"/2%Er*"

3.3.4 Comparison of UC luminescence of different
concentrations of Li*, Ca®*, Gd*" co- or tri-doped ScVO,:10%
Yb**/2%Er®**. From the Section of 3.3.1, 3.3.2 and 3.3.3, it is
found that UC luminescence could be enhanced through single
doping Li*, Ca** or Gd*", respectively. In this section, in order to
accurately compare the UCL intensity and reveal synergistic
effect of Li*/Ca**/Gd®", the UCL properties was investigated for
the three optimal samples under the same condition. Fig. 7
shows the UC emission spectra of a series of Li*, Ca**, Gd*" with
optimal concentration co- or tri-doped ScV0,:10%Yb**/2%Er*".

No matter in which kind of doping way, the UC emission
peak positions remain unaltered, while the UCL intensity varied
differently. Among these samples, the Li*/Gd*>" codoped
ScV04:10%Yb**/2%Er*" phosphor has the highest emission
intensity, and the intensity of UC luminescence enhanced by

Enhanced factor

No Li Na K Mg Ca Sr Ba Y Gd Lu

Fig. 6 The enhanced factor of UCL intensity of ScVO4:10%Yb3*/2%
Er’* doped with various optical-inert ions (Li*, Na*, K*, Mg?*, Ca?*,
Sr¥t, Ba®*, Y3, Gd** or Lu®").
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Fig.7 UC emission spectra of Li*, Ca®*, Gd®* single-, co- or tri-doped
ScVO410%YD>* /2%Er™.

a factor of 15.3 compared to the optical-inert ions free sample,
and the codoping of Ca*>*/Gd*" ions followed. That is to say the
combination of Li*/Gd** or Ca®*/Gd*" present more excellent
UCL intensity than that of corresponding optical-inert ions
single doped or free samples. While, the combination of Li'/
Ca**/Gd*" or Li*/Ca** weakened the UCL intensity compared to
that of the Li" or Ca®>" single doped samples, respectively.

Fig. 8 shows the emission colors of optical-inert ions doped
ScV0,4:10%Yb*/2%Er*" samples under excitation at 980 nm.
The apparent color difference in the digital images (collected
using a Canon Power Shot G7) also show that optical-inert ions
doped ScV04:10%Yb*"/2%Er*" samples has bright green emis-
sion under NIR laser excitation. Furthermore, the green light
spot is biggest in the Li*/Gd*" codoped system, and smallest in
ScV0,4:10%Yb*/2%Er*" samples, which is agree well with the
measured spectra results.

3.4 Reasons for UC emission intensity enhanced by non-
optical ions doping

To reveal the reasons for UC emission intensity enhancing trend
in our system as follows: 5%Li" > 1%Ca>" > 10%Gd>" > optical-

Fig. 8 Emission color of (a) ScVO4:10%Yb* /2%Er®*, (b) Gd®*, (c) Lit,
(d) Ca2*, () Li*/Gd™", (f) Ca®*/Gd>", (g) Li*/Ca®* and (h) Lit/Ca®*/Gd>*
doped ScVO4:10%Yb3* /2%Er3™.

This journal is © The Royal Society of Chemistry 2017
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inert ions free sample, XRD Rietveld refinement, SEM, XPS etc.
were employed for the crystal structure analysis and lumines-
cence performance investigation.

Generally, the factors affecting luminescence intensity are
various and complex, including its crystal structure, shape, size,
phonon modes, etc.™"* In our work, it can be seen above that
phase of all prepared samples is the same with the standard
pattern of ScvVO, (JCPDS Card, File No. 06-0260), indicating that
those optical-inert ions get incorporated into the ScVO, matrix
without phase separation, so the benefit of phase effect on the
luminescence augmentation can be excluded. However, doping
those optical-inert ions leads to the change of lattice cell. From
the enlarged spectra which are dominated by the shifting of
main diffraction peaks (220) of tetragonal phase ScvO, as
shown in Fig. 1b and ¢, we can see that the peak shifts changed
as the different optical-inert ions doping. To see how crystal
structure quantitatively evolves along with the addition of
optical-inert ions (Li*, Ca** or Gd*"), these raw data of XRD were
analyzed by Rietveld refinement method.*** Fig. 9 shows the
Rietveld analysis pattern of ScVO,:Yb*'/Er*" sample and Li",
Ca”®* or Gd** single doped ScVO,:Yb**/Er** samples, in which
the black crosses, red solid lines, green solid lines, blue lines
and magenta bars characterized experimental patterns, calcu-
lated patterns, background patterns, differences and Bragg
position, respectively. The deviation between the calculated and
experimental results are expressed by blue lines, which are
shown between the background line and the Bragg reflection
line. The refinement results and the main refinement parame-
ters are shown in Table 2 and Table 3. Profile factor R, lies
between 8.24% to 9.91%, weighted profile factor R, is 6.79-
8.03%.

These results indicate that the crystal structure data of these
samples by Rietveld structural refinement are well matched
with experimental data. Due to similarity between refined
patterns, we list the refined profile of the sample of ScVO,:Yb*"/
Er’" as an example. For ScVO,:Yb*'/Er*', R, = 9.89%, Ry, =

wp
7.97%. The refinement results indicate that ScvO,:Yb*'/Er**
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Fig. 9 The Rietveld analysis pattern of (a) ScVO,4:10%Yb**/2%Er*", (b)
Li*, (c) Ca®*, (d) Gd** doped ScVO4:10%Yb** /2%Er**.
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Table 2 Crystallographic data of Li*, Ca®*, or Gd** doped ScVO,4:Yb**/Er®* samples derived from Rietveld refinement of X-ray diffraction

Bond lengths and angles No Li* ca* Gd*

Crystal system Tetragonal Tetragonal Tetragonal Tetragonal

Space group I4,/amd I4,/amd 14,/amd I4,/amd

Z 4 4 4 4

Cell parameters/;& a=>b=26.8289,¢c=6.1709 a=b=6.8375,c=6.1705 a=Db =6.8454,¢c=6.1728 a=b = 6.8148, c = 6.1597
Cell VOIuIne/li3 287.77 288.48 289.25 286.07

Profile factor R, 9.89% 8.24% 9.91% 9.77%

Weighted profile factor R, 7.97% 6.79% 7.77% 8.03%

Table 3 Selected bond lengths and angles of Li*, Ca®*, or Gd** doped ScVO,:Yb3*/Er** samples based on Rietveld refinement of X-ray

diffraction

Bond lengths and No

angles

Sc1-01 2.377(8) A
Sc1-02 2.129(11) A
Sc1-0-Sc1’ 112.4(5)°

and Li*, Ca** or Gd*" single doped ScvO,:Yb**/Er** phosphors
belong to tetragonal phase, and its space group is I4,/amd with
Z = 4. The refined unit cell parameters are a = b = 6.8289 A, c =
6.1709 A and cell volume V = 287.77 A® for ScVO,:Yb*'/Er*"
sample. For Li*, Ca®>" or Gd** single doped ScVO,:Yb*'/Er**
samples, the unit cell parameters are a = b = 6.8375 A, ¢ =
6.1705 A, cell volume V=288.48 A%, a = b = 6.8454 A, ¢ = 6.1728
A, cell volume V= 289.25 A® and a = b = 6.8148 A, ¢ = 6.1597 A,
cell volume V = 286.07 A%, respectively. Obviously, the trend of
increment for the cell volume V as: Ca** > Li* > No optical-inert
ions > Gd*". The emergence of the result may be caused by that
these optical-inert ions can be doped into the host lattice
through the substitution or occupation of the interstitial. As
shown in Fig. 10, for tetragonal phase ScVO,, each Sc** ion is
eight-coordinated by O atoms. In 10%Yb**/2%Er**-doped ScvO,
sample, the two kinds of Sc-O bond lengths are 2.377(8) and
2.129(11) A, respectively. The angles of Sc-O-Sc is 112.4(5)°. The
corresponding bond lengths and bond angles of Li*, Ca** or
Gd*" single doped ScVO,:Yb*'/Er*" samples are deposited in
Table 2. Compared with the ScVO,Yb*'/Er’" sample, the
decreased Sc-O average bond length will change the
surrounding environment of Yb** and Er** and break the local
crystal field symmetry around the Er’" ions, leading to a low
symmetric site of the Er*" ions, which can make an enhance-
ment in UC efficiency. It is worthwhile pointing out that Sc-O
average bond length of Li" doping sample changed the most, in
accordance with the UCL intensity of this sample is the highest.

Besides, it is considered that the larger size and more regular
morphology has higher UCL intensity, while it is noticed from
the Table 1 that the size are not consistant with the UC lumi-
nescence intensity perfectly, thus, the benefit of the crystalline
size effect on the luminescence enhancement is not an impor-
tant factor. Thus, the enhancement mechanisms of optical-inert
ions should be searched from other directions.

On one hand, to investigate chemical composition of the
material surface, a well-known, extensively used X-ray photon
spectroscopy (XPS) technique was used.**”* Fig. 1la and

51240 | RSC Adv., 2017, 7, 51233-51244

Li" Ca%* Gd3*
2.408(4) A 2.376(16) A 2.365(5) A
2.116(6) A 2.134(21) A 2.139(7) A

111.83(29)° 112.2(7)° 112.16(33)°

b shows the XPS spectra of Sc(2p), V 2p3/2 and V 2p1/2 regions
(between 455-467 eV) for ScVO,:Yb**/Er*" sample and Li*, Ca*",
Gd*" single doped ScvO,:Yb*'/Er** samples. These results
confirm the +3 oxidation state of Sc and V in its +5 oxidation
state.™** Moreover, the XPS spectra of O 1s are used as a probe

(a)

(b)

a - S +3
b‘ii 8062

Fig. 10 Crystal structure of the tetragonal phase ScVO, drawn using
the Diamond software.

This journal is © The Royal Society of Chemistry 2017
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Fig.11 XPSand their peak fitting curves of (a) Sc 2p, (b) V 2p, (c) O 1s, (d) Li 1s, (e) Ca 2p, and (f) Gd 4d of Gd**, Li*, Ca®* doped ScVO4:10%Yb** /2%

Er3*, respectively.

for investigating the presence of oxygen ion vacancies on the
surface of sample. The peaks were de-convoluted using Lor-
entzian function. In the case of ScVO,:Yb*"/Er** sample, the two
peaks well fitted to BE ~529.57 (P1) and 531.97 eV (P2) with
FWHM ~1.08 and 1.32 eV, respectively. Upon optical-inert ions
doping, all the peaks showed asymmetric behaviour towards
higher BE. Moreover, the decrease extent of the P2/P1 ratio of
optical-inert ions doped samples is as follows: 1%Ca>" < 5%Li" <
10%Gd**, as shown in Fig. 11c. This is probably because of the
creation of oxygen ion vacancies and/or surface defects through
the sample surface with introduction of optical-inert ions into
the host matrix. It can be concluded from the analysis of XPS
spectra that the creation of appropriate amounts of oxygen ion
vacancies and/or surface defects through the sample surface
with the introduction of optical-inert ions into the host matrix,
which are beneficial to the stronger UCL. This is because of
a lower or optimal proportion of optical-inert ions incorpora-
tion into the host lattice, thus inducing a fast ET from the host
to the Er®* ion. This may create the vacancies that act as the
sensitizer, mixing the charge-transfer states. Optical-inert ions
addition increased the UCL intensity by increasing the radiative
transition probability. However, an increase in the optical-inert
ions concentration or type over a certain limit (such as 10%Gd**
in this work) generates a significant amount of oxygen ion
vacancies in the lattice. Consequently, the crystal lattice
collapses, and the luminescence intensity decreases. Therefore,
the brightness increases with oxygen ion vacancies concentra-
tion to certain extent, if above this point, the luminescence
begins to decrease, then quenching behavior appears as
a result.

Based on the experiment results described above, in ScvVO,
phosphor, it can be concluded that optical-inert ions doping
induced change of local symmetry and oxygen vacancy gener-
ated should be the main reason that is responsible for UC
emission enhancement. In addition, morphology and size of

This journal is © The Royal Society of Chemistry 2017

the obtained samples also contributes to the enhanced UC
emission. In order to interpret the effects of these optical-inert
ions doping on the UCL process, the dependence of emission
intensity on the pump power for the red, green emission was
measured, in order to better verify the role of the optical-inert
ions played in the energy transfer of UC emissions. As
a commonly used method, the relationship between integrated
emission intensity I and excitation power P, I.,, = P" is often
used to provide the information of n photons involved in the UC
process.'* For comparison, the power dependence of S0-S4
samples are shown in Fig. 12. Considering the energy transfer
UC process, the population of emissive levels will be greatly
influenced by the energy transfer process showing a changeable
n value. It is demonstrated whether in ScVO,:10%Yb**/2%Er**
(S0) or optical-inert ions doped ScVO4:10%Yb>/2%Er*" (S1-S4),

123(a) = 523nm e 553nm 4 658 nm n=2.13
104 n=187
g] ® X . o——b—A =163
70\12_. (b) n=1.86
510] ————%—1 n-208
191 8 . ——4 - 162
_*E' ] (C) n=2.38
= 121 |—-__=t=——"f—=—_.=.=df‘ n=2.03
g 9_ U A - b h nil.93
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8- . : N n A - A——A . n=1.74
5.5 5.7 5.9 6.1 6.3
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Fig. 12 Pump power dependence of the fluorescent bands centered

at 523 nm, 554 nm and 659 nm in (a) Gd**/Ca%*, (b) Li*, (c) Gd**, (d)
Ca®*, (e) without co-doped ScVO4:10%Yb3*/2%Er>*.
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the slop value #n are all approximate to 2 both for the green and
red. As the slope denotes the number of NIR photons absorbed
to generate one frequency upconverted photon under unsatu-
rated conditions, the green and red emissions are two-photon
processes both in the UCPs doping optical-inert ions or not.
The UC mechanism of this system is similar to our previous
work.*

3.5 Temperature sensing properties ScV0,:10%Yb>*/2%Er**
and 5%Li*/10%Gd** codoped ScV04:10%Yb**/2%Er**

It is also interesting to find that ScVO,:10%Yb**/2%Er** micro-
particles have optical-thermal sensing performance. To inves-
tigate influences of optical-inert ions on the temperature-
sensing behaviour of ScV0,:10%Yb**/2%Er**, 5%Li*/10%Gd>*
codoped ScV0,:10%Yb**/2%Er*" with the highest UC lumines-
cence intensity was chosen as a representative. It is well known
that the ®H,;, and *S3), levels of the Er*" ion are thermally
coupled, leading to the change of the transitions of *H;y,, —
11552 (522 nm) and *S;;, — *I35, (554 nm) of Er*" at different
temperatures.*~” According to Boltzmann distribution theory,
the emission intensity ratio (R) of the 522 nm and 554 nm
transitions can be written as follows:*

15y AE
R=2_p 2= 1
Ly 0P ( kT) @

where Is,, and Iss4 are the intensities corresponding to the
*Hyy, — 152 (522 nm) and *S;,, — *I;5/, (554 nm) transitions,
respectively, B is the pre-exponential constant, AE is the energy
gap between the *Hy;;, and *S;, levels, k is Boltzmann's
constant and T is absolute temperature. Eqn (1) can be also
converted in the form of a linear equation as:

Ln(R) = ’% +Ln(B) @)

The UC emission spectra at various temperatures and curves
of the emission intensity ratio (R) versus temperature (7/K) for
SCV0,:10%YD* /2%Er*" and ScV0,:10%Yb>'/2%Er*/5%Li'/
10%Gd*" are presented in Fig. 13a and b, respectively. The
intensity of the UC emission bands around 522 nm and 554 nm
seemed to drastically vary with increasing temperature of the
sample. The plots of Ln(R) versus 1/T are exhibited in Fig. 13c
and d, the slope (—AE/k) is a very important parameter to judge
the optical temperature sensing ability of Er** doped materials,
and the linear fitting of the experimental data gave slope and
intercept equal to —655.15 £ 16.22 and —511.12 + 38.57 for
both of these two samples, respectively. Besides, the sensor
sensitivity is another important coefficient of a sensing mate-
rial. The sensor sensitivity (S) can be defined as

ool Al ) 0

Actually, with increasing temperature, the absolute sensi-
tivity for both two samples first increases, then reach a certain
temperature it starts decreasing (Fig. 14). It is noteworthy that
the sensitivity increases dramatically in the ScVO4:10%Yb>*/2%

S =
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Fig. 13 Green UC emission spectra of ScVO4:10%Yb>*/2%Er** (a) and
ScVO4:10%Yb> [2%Er>* /5%Li* /10%Gd>* (b) phosphors on increasing
temperatures and the variation of emission intensity ratio (R) as
function of absolute temperature (inset). (c, d) Monolog plots of R as
a function of inverse absolute temperature for these two samples,
fitted by eqn (2).
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Fig. 14 Relative sensitivity of the as-prepared ScVO4:10%Yb>" /2%Er®*
and 5%Li*/10%Gd>" codoped ScVO4:10%Yb>*/2%Er®* samples for
optical thermometry as a function of temperature, fitted by eqn (3).

Er**/5%Li*/10%Gd*>" sample compared to the Li*/Gd*" free
sample. At the temperature of 260 K, the sensitivity of
ScV0,:10%Yb*"/2%Er**/5%Li*/10%Gd>*" reached its maximum
value of about 0.0092 K, while the maximum sensitivity of
ScV0,:10%Yb*/2%Er** only 0.0073 K~ * at 330 K. The results
indicated that the multifunctional optical-inert ions Li*/Gd**
could be used not only to enhance the temperature sensor
sensitivity but also the UCL intensity.

4. Conclusions

To sum up, this study reveals that the influences of different
optical-inert metal ions including alkali metal, alkaline earth
metal as well as inactive Ln*" ions were discussed by varying the
doping content and the combination way. Successful
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incorporation of optical inert ions into ScVO, lattices was sup-
ported by XRD and XPS. Under a 980 nm laser diode excitation,
for optical-inert metal ions single doping system, 5% Li' is
demonstrated as the most effective dopant to enhance the UCL
intensity as high as 6.1 times among Li*/Na*/K*/Mg>*/Ca**/St*"/
Ba”*/Y**/Gd**/Lu*". For codoping or tridoping optical-inert
metal ions system, it is found that Li*/Gd** couple is the most
effective codopant, leading to an drastic increase by a factor of
15.3 compared to optical-inert metal ions free sample. In
addition, the color coordinates of all samples are located in the
green region. The UC luminescence enhancement after codop-
ing optical-inert ions were ascribed to the interaction of
a variety of factors, such as larger size, oxygen vacancy, crystal
environment distortation. Furthermore, temperature-sensing
performance was also investigated using the fluorescence
intensity ratio technique. For ScV0,:10%Yb**/2%Er’", the
maximum sensitivity was found to be 0.0073 K * at 330 K.
Surprisingly, 5%Li*/10%Gd*" codoped ScVO,4:10%Yb*"/2%Er**
with the highest UC luminescence intensity was as a tempera-
ture sensor with maximum sensitivity of 0.0092 K" at 260 K.
The investigation results establish the understanding of optical-
inert metal ions as dopants for adjusting UCL performance and
may be helpful for researchers to develop quick responsive UCL
materials. This opens a new window for studying the coopera-
tion of the optically inert ions doping effect on improving UC
luminescence and temperature sensitivity properties of
ScV0,4:10%Yb*/2%Er*" phosphors.
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