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Abstract
In this paper, Na,GdMg,(VO,),:Yb>*,Er’" phosphors were synthesized through
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emission spectra, power-dependent UC spectra, fluorescent lifetime curves, and
temperature-dependent emission spectra, the crystal structures, UC luminescent
characteristics, and the performances of temperature sensing by using fluores-

cence intensity ratio technique were studied in detail. Heavy-doped phosphors
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with 59% (Yb** and Er*") doping content are achieved. In addition, excited by
980nm laser, three characteristic luminescence peaks of Er** at 525 nm (*H,, /2
— *;5/,), 550 nm (*S;,, = *I;5,,) and 660 nm (*Fy/, — *I;5/,) emerge in the UC
spectra of Er’* single-doped and Yb** Er** co-doped phosphors. UC spectra are
dominated by green emission and greatly enhanced UC emission over 389 times
is realized by introducing Yb**. In addition, the ratiometric techniques of ther-
mally coupled energy levels of Er** (525/550 nm, *Hy, ,/*S;, — “I;5/,) are used
to achieve a wide range of temperature measurement. When the temperature
is 303 K, relative sensitivity is as high as 0.976%K"'. The minimal temperature
resolution is 0.3 K@303 K. All experimental results show Yb**,Er** co-doped
Na,GdMg,(VO,); phosphors might act as optical temperature sensing materials.
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1 | INTRODUCTION

power fluctuations.” ™ FIR technique has demonstrated su-
perb anti-interference capabilities and improved sensitivity,

Luminescent thermometers based on the temperature-
dependent spectroscopic parameters are widely concerned
because of their excellent accuracy, good sensitivity, and
fast response.’® Fluorescence intensity ratio (FIR) ther-
mometry is deemed as a prospective optical temperature
measurement approach in comparison with other optical
temperature sensing techniques because it is independent
of external factors, such as spectrum loss and excitation

especially for temperature measurements in electromag-
netic and harsh environments, for example, the detection
of building fire, the detection in micro/nano-meter scales,
and biomedical imaging systems.'*"” In general, FIR tech-
nique is realized by temperature-dependent fluorescence
from thermal coupled energy levels (TCELs).'**!
Nowadays, Ho®*, Er’**, and Tm>* ions are widely used
as optical probes of temperature on account of their
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TCELs.'” 2% 22‘ZS’Among these ions, Er’* is considered
as a promising emitter for detecting temperature because
of its typical green up-conversion (UC) emission as well
as the appropriate energy gap of TCELs (~700 cm™).2*™*
Whereas, 4f-4f transition of Er¥tis forbidden, which re-
sults in the small cross section of absorption at 980 nm
and low UC intensity.*"** Thus, to enhance the absorp-
tion near 980 nm, Yb*" is usually selected as sensitizer.*’*

In recent years, vanadate-based phosphors have
aroused extensive concerns.'®*>*® Among vanadate
phosphors, Na,GdMg,(VO,); is chosen as a superb sub-
strate for rare-earth (RE) ions doping owing to the same
valences and close ionic radii between Gd** and RE**
ions.*” For example, Na,GdMg,(VO,),:Er’* red phosphors
with heavy doping concentration and excellent thermal
stability were reported.® Consequently, the investiga-
tion of UC luminescence, the Yb**-Er’* energy transfer
(ET) and the temperature measurement performances of
Na,GdMg,(VO,),:Yb**, Er’** samples are interesting and
desired to be realized.

Herein, the Na,GdMg,(VO,),:Yb**, Er’* samples were
elaborated to realize temperature sensing. According
to X-ray powder diffractogram, diffuse reflection spec-
tra, scanning electron microscopy, UC emission spectra,
power-dependent UC spectra, fluorescent decay curves,
and temperature-dependent emission spectra, the sam-
ples’ crystal structure, UC luminescent characteristics,
and temperature sensing performances by using FIR tech-
nology were studied in close detail.

2 | EXPERIMENTAL PROCEDURE

Na,GdMg,(VO,); (labeled as NGMVO), Na,Gd,,
MgZ(VO4)3:xEr3+ (x = 0.01, 0.03, 0.05, 0.07, 0.09, and 0.11
in mol%) (labeled as NGMVO:xEr** (x = 0.01-0.11)) and
Na,Gdg 91,Mg,(VO,)5:0.09Er’* yYb** (y = 0, 0.2, 0.3, 0.4,
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0.5, and 0.6) (labeled as NGMVO:0.09Er** yYb** (y = 0-
0.6)) samples were fabricated through high-temperature
solid-state technique in air atmosphere. The starting ma-
terials include Na,CO;, MgCO;, NH,VO; (A.R., all from
Sinopharm Chemical Reagent Co., Ltd.), Gd,O5, Er,0;,
Yb,05 (99.99%, all from Yuelong New Materials Co.,
Ltd.). Firstl, all raw materials were ground to mix them
evenly by adding a small amount of ethanol. Then the
well-ground chemicals were put in the muffle furnace to
pre-fire at 500°C for 5 h. After cooling down to the indoor
temperature, the reagents were ground again for 5 min
and then annealed in the muffle furnace at 750°C for 5 h.
Eventually, all prepared products were reground to gain
the final samples for further investigations.

X-ray powder diffractogram (XRD) of as-prepared prod-
ucts were obtained by using Rigaku MiniFlex/600 XRD
equipment (Japan) with Cu Ka radiation, in which the
angular range is from 10° to 80° in a step of 0.0167°. The
microstructure of typical NGMVO0:0.09Er**,0.5Yb** phos-
phors was analyzed by Phenom ProX (Netherlands) scan-
ning electron microscopy (SEM). The diffuse reflection
spectra (DRS) of samples were taken by the Hitachi UH-
4150 ultraviolet-visible-near infrared spectrophotometer
(Japan). Fluorescence decay curves, room-temperature
UC spectra were recorded by Edinburgh FS-5 spectrofluo-
rometer (UK) assembled by a 980 nm laser with adjustable
power. A TCB1402C temperature controller (China) was
added for temperature-dependent UC spectra.

3 | RESULTS AND DISCUSSION

3.1 | Structural properties

Figure 1A shows the powder diffractograms of repre-
sentative phosphors (NGMVO, NGMVO:0.09Er**, and
NGMVO0:0.5Yb**,0.09Er*™). XRD patterns of all samples

FIGURE 1 (A)Powder diffractograms of NGMVO, NGMVO:0.09Er**, NGMVO0:0.5Yb*",0.09Er** samples and the standard card of
GdVO, (JSPDS No. 17-0260) and Na,GdMg,V,0,, (JCPDS No. 08-0510). (B) SEM photograph of NGMVO:0.5Yb*",0.09Er** sample
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display obvious sharp diffraction peaks. Except for some
miscellaneous peaks in the range 24.5-25.5° (probably
GdVO,), they all match well with the standard XRD
patterns of Na,GdMg,V,;0,, with single cubic garnet
structure.”® And these impure diffraction peaks only oc-
cupy a relatively small proportion (smaller than 3.5%,
has been proved in Figure S1B in supporting informa-
tion file) in the entire crystal phase, which hardly affects
their luminous properties. XRD patterns indicate that
Na,GdMg,V;0,,:Yb>*, Er’* phosphors were triumphantly
synthesized. In addition, due to the similar radii and the
same valence, Yb** and Er’* will replace Gd**. It can be
seen that after adding Yb** and Er**, the XRD patterns do
not show a large deviation or other miscellaneous peaks,
indicating that there is no change in the crystal phase.

Figure 1B presents the SEM image of representa-
tive NGMVO0:0.5Yb*",0.09Er’* sample. The particles are
anomalous in shape and uneven in size, and the size dis-
tribution is in the range 1-10 pum.
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FIGURE 2 DRS spectra of NGMVO, NGMVO:0.09Er**,
NGMVO0:0.5Yb**,0.09Er** samples
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Fortheinvestigationonreflectionof phosphors,NGMVO,
NGMVO:0.09Er** and NGMVO0:0.5Yb**,0.09Er*" were
chosen to test DRS and corresponding results are dis-
played in Figure 2. Compared with undoped NGMVO,
there are several absorption peaks attributed to the tran-
sitions of Er** (*I;s, = *Hy1 5 *Fopa, “Iojas 112, and *T15),)
in NGMVO:0.09Er** as well as NGMVO0:0.5Yb>*,0.09Er**
phosphors, respectively.”” Obviously, absorption peak near
980 nm of NGMV0:0.5Yb**,0.09Er** is strengthened after
introducing Yb**, which could be resulted from the tran-
sition of Yb** from ’F,, to *Fs,."” The greatly enhanced
absorption at 980 nm will contribute to greatly enhanced
UC luminescence.

3.2 | UC luminescence properties
Figure 3A reveals the emission spectra of NGMVO:xEr**
(x = 0.1-0.11) materials with a laser radiation at 980 nm
for exploring the UC properties. Three emission peaks at
525, 550, and 660 nm could be stemmed from transitions of
Er’* (*Hy, 2 *S3), and *Fy ), — *“I;5),) in all Er** single-doped
samples."” The whole emission intensity firstly increases
and then decreases when x > 0.09 because of the concen-
tration quenching. The optimal concentration of Er** is 9%.
To better assess the influence of the introduction of
Yb** on luminescent properties of Er’*, emission spec-
tra of NGMVO:0.9Er’* yYb** (y = 0-0.6) are shown
in Figure 3B. The spectral shape and position of co-
doped samples are similar to those of Er** single-doped
samples. More importantly, it can be found that emis-
sion intensity of Er’* is greatly increased with the in-
troduction of Yb’* and the maximal magnification
is 389 times, which indicates the effective ET of Yb*"
— Er’*. Besides, the optimal content of Yb** is 50%.
Surprisingly, Yb** and Er** heavy-doped NGMVO phos-
phors were prepared and the concentration of doping
reaches as high as 59%. What is more, from the Figure
3A,B, it can clearly see that green light dominates the
emission area. The above-mentioned phenomena will

Intensity (a.u.)

FIGURE 3 Emission spectra of
(A) NGMVO:xEr** (x = 0.01-0.11) and
(B) NGMVO:0.09Er** yYb** (y = 0-0.6)
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be beneficial to get good temperature sensing perfor-
mances of NGMVO:Yb**, Er** phosphors.**

For the investigation of UC mechanism, power-
dependent UC spectra were tested and the photon num-
bers (n) involved in UC process are estimated by using the
next formula,?® 2>

I P" (9]
where I denotes the emission intensity and P is the pump
power. In order to make n clearer, the vertical axis is set as
Lg(I) and the horizontal axis is set as Lg(P), therefore the
calculated slope equals to n. The corresponding results are
exhibited in Figure 4A. Slopes of 525, 550, and 660 nm
emission peaks are 1.65, 1.59, and 1.42, respectively, which
indicates that UC processes involved in the phosphors are
two-photon processes.' 2 %

According to above results, energy levels and
UC mechanism of Yb** and Er’* in NGMVO:Yb**,
Er’* phosphors are depicted in Figure 4B. Upon a
980 nm laser radiation, Yb** at *F,, state is excited
to 2F5/2 state. After that, Yb>* ion transfers its energy
to Er’* and non-radiatively relaxes to *F,, state from
2F5/2 state. Er** at 4115/2 state is pumped to 4111/2 state
resulted from the energy from Yb**. This process
could be written as ET1: Er’* (*I;5,,) + Yb** (*F5),)

— Er’* (*I;;,) + Y (°F;,)."" ** Subsequently, Er**
at *I;, , state is promoted to *F,, state due to the en-
ergy from Yb’*, which could be labeled as ET2: Er’*
(4111/2) + YD (ZFs/z) = Er3t (4F7/2) + YB3 (2F7/2).20’ 23
After that, Er’* at 4F7/2 state non-radiatively relaxes to
2HH/Z, 4S3/2, and 4F9/2 states, respectively. Ultimately,
Er’*t at these three states radiatively relaxes to
*I,5,, state and gives 525, 550, and 660 nm emissions,
respectively.

Figure 5 presents the temporal curves of 525 and
550 nm emissions in NGMVO:0.09Er** yYb** (y = 0, 0.2,
0.3,0.4,0.5, and 0.6), respectively. Specific average lifetime
(7) can be computed by the formula,'* %% 3

T = J t(t)dt/ J I(t)dt, 2

here I(t) are the emission intensities of 525 and
550 nm at time t. Complex UC luminescent process in
NGMVO:Er**, Yb** phosphors might be the reason for
multi-exponential decay curves.'” ?* It can be observed
that the lifetimes of the two levels of Er’* (*Hy;),/"S;,)
increase firstly and then decrease when y > 0.5. The vari-
ation tendency of lifetime with Yb** content is*® consis-
tent with that of emission intensity with Yb** content
shown in Figure 3B.
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3.3 | Optical temperature sensing
performance

In general, the stronger the Iuminescence is, the
greater the signal-noise ratio can be realized."” So
NGMVO0:0.5Yb**,0.09Er** phosphors with the strongest
green light emission were chosen to measure temperature
sensing performance. Figure 6A gives the temperature-
dependent spectra of NGMVO0:0.5Yb’",0.09Er’* (303-
573 K). Emission peak (525 nm) resulted from *Hj; , — *I;5/,
transition of Er’* firstly increases and then decreases. In the
meanwhile, emission peak (550 nm) resulted from *S;,, —
s /-, transition of Er** continuously decreases as tempera-
ture increases. Normalized variable temperature spectra are
shown in Figure 6B for a better comparison of band inten-
sity ratio. Obviously, the emission intensity at 525 nm aug-
ments with the increase in temperature. FIR CH,, , — ‘I;5),
vs S, = 1 /») can be correlated with temperature apply-
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where I is the emission intensity from the transition of
2H11/z/453/2 - 4115/2, respectively. g, A, N, and w represent
the degeneracy, the spontaneous emission probability, the
number of Er’t at different states as well as the angular
frequency, respectively; B is gywpAn/gswsAg; T, AE, and kg
are Kelvin temperature, energy gap between TCELs of Er’*
(H,, /2/483/2) and Boltzmann constant.

According to Equation (3), corresponding fitting re-
sults are shown in Figure 7A. The equation for FIR and
temperature can be written as following expression,

—896.35
FIR=12.62¢ 7 . “4)

The fitting degree (R?) is 0.997 and the thermal activa-
tion energy is 618 cm™.

As temperature sensing materials, absolute sensitiv-
ity (S,) and relative sensitivity (Sg) can be estimated as

ing the below Boltzmann distribution law,'8 192340 below,lg’ 20,24, 37
d(FIR) AE
_AE _AE - —
FIR — Iy _ NywyAy _ gHCOHAHe T = Be kT, (3) Sp = T | T FIR. (5)
Ig NgwsAg 8swsAg B
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FIGURE 7 (A)FIR value, (B) absolute sensitivity and relative sensitivity of NGMV0:0.09Er**,0.5Yb** sample (303-573 K)
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Temperature SR-MAX SA-MAX

TABLE 1 Optical parameters of
various UC temperature sensing materials

Compounds range (K) (%K™ (%K™) References
LuVO,:Nd, Yb, Er@SiO, 295-338 14 1.22 [22]
Ba,Y,0,:Yb, Er 83-563 / 0.248 [31]
Y,0,:Nd, Yb, Er@SiO,@Cu,S  293-420 12 0.5 [11]
Ca,MgWO,:Yb, Er 303-573 0.92 0.82 [20]
LuVO,:Yb, Er@Sio, 303-353 0.82 0.57 [33]
NaYF,:Yb, Er 223-403 0.36 / [39]
Na,GdMg,(VO,);:Yb, Er 303-573 0.976 0.749 This work
1.2 FIGURE 8 (A)Temperature
(A) (B) resolution (303-573 K) and (B)
1.04 | 573K @ ® e 4 repeatability (363 and 573 K) of
NGMVO0:0.5Yb**,0.09Er** sample
go,s o |
= =
“0.6 :
0.44
@ 363K @ Y ) ]
300 350 400 450 500 550 600 O 1 P
Temperature (K) Cycle

1 d(FIR)|  AE

RTIFIR TdT |~ kg2

(6)

According to the above equations, calculated S, and Sy
values are described in Figure 7B. The maximal values of
Sgand S, are 0.976%K @303 K and 0.749%K @478 K, re-
spectively. Table 1 gives the comparison of maximum sen-
sitivities values of different optical temperature sensors.
Compared with other reported FIR-based optical thermo-
metric materials, a favorable Sy \ax Value is obtained in
this prepared Na,GdMg,(VO,);:Yb**, Er** phosphors.

What is more, repeatability (R) and temperature reso-
lution (6T) are important parameters in the field of tem-
perature sensing, which can be deduced by following
equations,lg‘19

184

oT = —_—,
A (7)
Max(A,,, — A;
R=1- M’ (8)
Al‘l’l

where SA/A, A, and A; are accuracy parameters of the in-
strument, the average value of FIR and specific FIR values
in five cycles (363 and 573 K), respectively. Specific results
are given in Figure 8A,B. When temperature increases from
303 to 573 K, OT increases from 0.3 to 1.1 K. And R values
(363 and 573 K) are bigger than 99%. The effect of Yb**

doping on the temperature sensing properties was investi-
gated also. As shown in Figure S2 and Table S1, FIR at dif-
ferent temperatures, S,, S, and temperature resolution of
different doping concentration of Yb>* were calculated and
compared. Results show that NGMVO:0.5Yb**,0.09Er**
phosphors with the strongest green light emission has the
best temperature sensing performance. In summary, we
can make a conclusion that NGMVO:Yb**, Er** phosphors
using FIR technique show superior temperature sensing
performances.

4 | CONCLUSION

A new type of green UC materials with
Na,GdMg,(VO,);:Yb**, Er’* component was reported for
temperature sensors. According to the above study, the
following characteristics were obtained. Yb** and Er’*
heavy-doped NGMVO phosphors were achieved with
a concentration of doping as high as 59%. Green light
from *H,;/,/*S;, TCELs of Er’* dominates the emission
spectra of Na,GdMg,(VO,),:Yb**, Er’*. UC emission of
Er’* is strengthened over 389 times by introducing Yb*.
More importantly, the relative sensitivity maximum is
0.976%K™" (303 K) by using FIR technology grounded
on *Hy;,/*S;/, TCELs of Er**. And minimal temperature
resolution is 0.3 K (303 K). All results above suggest Er’",
Yb** co-doped Na,GdMg,(VO,), specimens might be ap-
plied as optical temperature sensors.
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