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Rare earth Er** mono-doped upconverted sodium crystals were prepared, and the effects of the doping and the reaction time
on the structure, morphology and luminescence properties of the materials were investigated, and then these conditions
were optimized. The NaYF4: x%Er®" has a hexagonal crystalline phase with homogeneous morphology. Under 980 nm
excitation (with a power of 2.0W) the optimal rare-earth-element doping ratio of NaYF: 2%Er** has a good emission
spectrum with color coordinates (0.34, 0.56). The phosphor-dependent luminescence spectra were measured, and the
fluorescence intensity ratio(FIR) of its optical thermometer was calculated and fitted [1]. This experimental result lays the
foundation for the field of temperature probing of the upconversion luminescence.
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1. Introduction

Rare-earth luminescent materials in the 1960s have
realized the high purity of rare-earth oxides in the
television screen, incandescent lamps and other fields of
high application, subsequently covered the entire solid
luminescent category, and to the anti-counterfeiting [2],
biological samples [3] to detect the expansion of the
emerging field. Nowadays it has been widely used in many
fields, and has become an important research topic in
chemical and chemical industry. The upconversion
luminescence is a kind of anti-Stokes law of luminescence,
called anti-Stokes light. Upconversion luminescent
materials are generally doped with single or multiple rare
earth ions to improve the upconversion luminescence
efficiency. To achieve the best effect of activationt, it is
crucial to choose a more suitable rare earth ion for the
crystal field of material's own crystal field of the rare earth
ions, thereby get a high efficiency of fluorescence [4, 5].
Among the temperature-dependent optical properties of
rare  earth upconversion luminescent materials,
temperature sensing based on FIR technology has been
widely used by monitoring the emission of two thermally
coupled and non-thermally coupled energy levels. The
sensing capability of FIR-based optical temperature
sensing is affected by two parameters: sensing sensitivity
and stability [6].

Rare-earth ion-doped biofluoride materials are the
focus and hotspot of upconversion research, due to the low
phonon energy and large number of metastable state
energy levels of fluoride matrix [7]. The low phonon

energy can reduce the loss of non-radiative leaps, and thus
has a higher upconversion efficiency. Therefore the
upconversion material based on NaYF, is considered to be
the best performing luminescent materials. Er’" is also an
effective activator ion for upconversion materials [8],
which has abundant energy levels that can be excited by
infrared photons at 800-1000 nm, and can also be used as a
1.5 pum upconversion material for optical fiber
communication [9, 10]. Jie Tang et al. established a novel
ketone CTL (Cataluminescence) gas sensor based on
NaYF; Er'" nanocrystals in the experiments of
surface-catalyzed luminescence, and the 20% Er’* dopant
concentration at a relatively low temperature showed a
high CTL intensity indicating that the sensor exhibits good
selectivity and fast response [3]; Dan Wang et al. found
that indocyanine green dye-sensitized NaYF,: Er’
nanoparticles can improve the excitation efficiency of Er*",
which can be used as a nanoheater materials for thermal
imaging and as a stabilizing photoacoustic agent for
photoacoustic imaging [11]; Peiyao Wang et al.
synthesized core-shell upconversion nanoparticles with
high upconversion efficiency using NaYF,: 3%Er’” to
establish a selective and sensitive ratiometric fluorescent
nanosensor to detect phototoxicity and carcinogenicity in
water [3, 11, 12]. However, now these studies in NaYF,:
Er’* fluorescence temperature measurement may not be
deep enough, so we need to further study the temperature
measurement performance of screen powder.

In this work, a series of NaYF,: Er’" materials were
synthesized via a facile hydrothermal method at a
relatively low temperature (180 °C) in two hours, four
hours and six hours, respectively. We investigated the
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effects of different concentrations of Er’" on
morphological changes and upconversion luminescence
[13]. Therefore, the mono-doped Er-doped NaYF, were
synthesized, applying to temperature measurement.

2. Experiments and methods

2.1. Raw materials and reagents

Erbium nitrate pentahydrate (ErNO; ¢ 5H,0,99.9%),
yttrium nitrate hexahydrate (YNO3 *6H,0,99.5%) products
of Shanghai Aladdin Biochemical Science and Technology
Co. Ltd.; Ammonium Fluoride (NF4,96.0%) of Shanghai
McLean Biochemical Science and Technology Co. Ltd.;
Sodium Citrate (99.0%), Sodium Nitrate (NaNO3,99.0%)
of Tianjin University, Kewei Company.

Prepare 15 mL of 0.02 mol/L Er(NO;); solution and
15 mL of 0.4 mol/L Y(NO;); solution.

2.2. Preparation of NaYF: x%Er"" by
hydrothermal method

In this paper, NaYF,: Er’* will be synthesized by
hydrothermal method. Firstly, 2.9410 g of sodium citrate
was accurately weighed in a beaker, 10 ml of deionized
water was added, and then stoichiometric amounts of
Yb(NO;);-6H,0 (0.4 M), Er(NOs);-6H,0(0.02 M) were
added into the above solution and stirred for about 30 min
at room temperature, and then 0.0850 g of sodium nitrate
and 0.4440 g of ammonium fluoride were added
sequentially. The resulting mixture was stirred for another
30 min then transferred into a 50 mL Teflon-lined stainless
steel autoclave and heated to 180 °C, and thereafter kept at
180 °C for Y h (Y = 2(Sample 1), 4(Sample 2), 6(Sample
3)), respectively, and the solution was naturally cooled to
room temperature after the heating program was
completed. The resulting products were collected by
centrifugation, washed several times with deionized water
and ethanol, and dried at 80 °C for 6 h. After stopping the

program, it was naturally cooled to room temperature, and
3 groups of white powdery solids were obtained and set
aside [5].

2.3. Characterization

An ultra-high resolution field emission scanning
electron microscope Hitachi SU8600 series (SEM) was
used to characterize the micro-morphology and feature
size of NaYF,: Er'". A Bruker D8 X-ray diffractometer
(Germany) was used to characterize the structure of the
samples, and the XRD parameters were set as follows:
X-ray source of Cu target, ceramic X-ray tube, voltage <
40 kV, current < 40 mA, step size 0.01, scanning range of
20 = 10 ° - 80 °, scanning speed 5.0 ° / min, scanning
range of small angle 0.50 ~ 5.0 °, wide angle 2.0~150° to
characterize the phase structure and crystallinity analysis
of the prepared NaYF,: Er’* XRD was able to obtain the
type of crystal system, crystal structure and crystallinity
level of the material. The upconversion emission spectra
of the samples were measured on a Horiba fluorog-3
luminescence spectrometer at room temperature using
continuous lasers at 980 nm and 1550 nm lasers as
excitation sources. In addition, the spectra were measured
at different temperatures in the range of 303-483 K using a
TAP-02 high temperature fluorescence controller.

3. Results and discussion
3.1. Morphological analysis

The electron micrographs of NaYF,: 2% Er’" heated
for X h (X =2, 4, 6) are depicted in Fig. 1. It can be seen
that the samples have almost the same size distribution,
and the particles are uniformly hexagonal prismatic
nanoparticles, with a full particle size. However the
particles of Sample 3 are not full enough and contain
impurities, and the particles of Sample 2 are more full. So
the powders of the 4h groups were subjected to XRD.

Fig. 1. (a) Sample 1, (b) Sample 2, (c) Sample 3 SEM images of NaYF ;. 2%FEr"" heated for 120 min, 240 min, 360 min, respectively

3.2. Crystal structure analysis

Fig. 2 shows the XRD images of NaYF,: x%Er’" with
different Er doping concentrations. It can be seen that with
the increase of Er concentration, the phase of the prepared
NaYF,: Er’* nanocrystals with the position of the standard

card (JCFDS NO.27-0689) and there are no heterogeneous
peaks, which suggests that all the samples are in the pure
phase. It is possible that the NaYF,:Er’" nanocrystals were
in the pure phase and Er’* successfully replaced Y*', then
doped into the NaYF, matrix lattice. The XRD data of the
sample show 15 characteristic diffraction peaks in the 26
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range of 10°-80°, indicating that the NaYF, Er"
phosphors synthesized by the hydrothermal method.
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Fig. 2. XRD patterns of NaYF;: X%Er* (x=051242638)
heated for 240 min (colour online)

3.3. Optical performance analysis

The emission spectrum of the phosphor at room
temperature are displayed in Fig. 3(a). Under the
excitation of 980 nm excitation light with a power of 2.0
W, it exhibits the characteristic emission of Er'’, with
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emission peaks centered about 469 nm, 522 nm, 541 nm
and 655 nm correspondin§ to the transitions of Er*" of 2P3/2
- 4111/2, 4H11/2 - 4I15/2, S3p — 4115/2 and 4F9/2 - 4I15/2,
respectively, indicating that Er’* has been successfully
doped. With the increase of Er’" concentration, the
emission intensity shows an overall trend of increasing and
then decreasing, which is guessed to be related to the
concentration quenching of Er*' [14]. Fig. 3(b) shows the
emission spectra of 2%Er’" co-doped NaYF, under
different power excitation. The increase of the excitation
power did not change the position and morphology of the
emission peaks, but enhanced the emission intensity. With
the increase of laser power, the luminescence color of the
phosphor is mainly concentrated in the yellowish-green
light region and does not change significantly. The color
coordinates are (0.350, 0.595) when an excitation power is
2W, as shown in Fig. 3(c) [4]. In addition, the number of
photons required to jump from the ground state to the
excited state under unsaturated conditions can be
determined by Eq. (1):

ToP', )]

where I, P, and n represent the emission intensity, power,
and number of laser photons [1]. Therefore, the integral
intensities of the emission peaks at 528 nm, 539 nm, and
653 nm are calculated. And the logarithmic relationship
between the power and the integral intensity is given in
Fig. 3(d). The n values obtained from the fitting
calculations are 1.94, 1.99 and 1.38.
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Fig. 3. (a) Fluorescence spectra of NaYF ;x%Er’" phosphor under the excitation of 980 nm laser; fluorescence spectra (b) and
chromaticity diagrams (c) of NaYF ;-2 mol%Er’" phosphor at different powers; (d) relationship between Igl and IgP (colour online)
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Under the excitation of 1550 nm excitation light with
a power of 3.0 W, the phosphor exhibits the characteristic
emission of Er’’, with sharp emission peaks centered at
about 541 nm and 655 nm corresponding to the jumps of
4S3/2 - 4115/2 and 4F9/2 g 4115/2 of Er3+, respectively, and
there are also emission peaks with small amplitude
centered at about 522 nm corresponding to the jumps of
4H11/2 — 4115/2 of Er3+, respectively. With the increase of
Er’" content, the emission intensity shows an overall trend
of increasing and then decreasing. Fig. 4(b) shows the
emission spectra of 2% Er’" co-doped NaYF, under
different power excitation, and the increase of excitation
power did not change the position and morphology of the
emission peaks, but enhanced the emission intensity of
each leap. With the increase of laser power, the luminous
color of the phosphor is mainly concentrated in the
yellowish-green light region and does not change
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significantly, and the color coordinates are (0.3815, 0.6025)
at an excitation power of 3.0 W, as shown in Fig. 4(c).
Similarly, the logarithmic relationship between power and
integral intensity under the excitation of 1550 nm laser is
shown in Fig. 4(d). In addition, it can also be found that
when the concentration of Er’" gradually increases, the
colour coordinates will continue to move towards the
yellow light region, in which 1% Er’" has a stronger
tendency to favour yellow light, and it is guessed that it
has a good application prospect in the field of
anti-counterfeiting. As shown in Fig. 5, (a) for the natural
light to take NaYF,: 1% Er’" sample 0.1 g, add 0.1 ml of
deionised water, shaking well and then speak the mixed
solution coated on clean A4 paper, drying in a dim
environment using a 980 nm laser irradiation of the coated
samples presented as shown in Fig. 5 (b) strong
fluorescent green.
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Fig 4. (a) Fluorescence spectra of NaYF ;- x%Er" phosphor under the excitation of a 1550 nm laser; fluorescence spectra (b) and
chromaticity diagrams (c) of NaYF,: 2 mol%Er’" phosphor at different powers; (d) relationship between Igl and IgP (colour online)

Fig. 5. (a) The NaYF,: 1% Er*" sample powder prepared as a solution on A4 paper after blotting and drying, (b) a strong fluorescent
green colour under 980 nm laser irradiation in a dimly lit environment (colour online)
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The energy level leap schematic shown in Fig. 6. It
can classify the up-conversion fluorescence spectra in
figure into three main fluorescence bands: (1) The
up-conversion at 519 nm-529 nm corresponds to "Hyy, —
*I.s» energy level jump, with center wavelengths of 520
nm and 528 nm; (2) the upconversron at 535 nm-558 nm
corresponds to the S3/2 — 115/2 energy level jump, with
center wavelengths of 539 nm and 540 nm; (3) the
upconversron at 640 nm-680 nm corresponds to the ‘Fo
— *I;5, energy level jump, with center wavelengths of 654
nm and 661 nm. Fluorescence emission peaks and center
wavelengths are also observed to remain largely
unchanged, but due to the influence of the dopant ions by
the matrix crystal field and lattice vibration, there is a
special 465 nm-484 nm upconvers1on under the 980 nm
excitation light corresponding to the P3/2 — 111/2 energy
level jump with a center wavelength of 477 nm [15].
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Under 980 nm exc1tat10n light, it can, excite the electrons
of Er’" ions from 115/2 energy level to 111/2 energy level, or
from 111/2 energy level to F7/2 energy level which can
occur the two-photon process of the Er*" ions. Under the
excitation light of 1550 nm, the electrons of Er’ ions can
excite the electrons from *I;s; energy level to the 111/2
energy level, or from the 4111/2 energy level to the F7/2
energy level, and then from F7/2 energy level to D3/2, and
thus the there photon process of the Er'" ions can occur.
When the Er’* ion in the crystalline material leaps to the
higher energy level *F;,, by subsequent spontaneous
radiation from *F;, or radiation-free relaxation from “F,
leaps to other lower energy levels and then luminescent
radiation, higher photon energy, shorter wavelength

fluorescence can be generated, thus realizing
up-conversion luminescence.
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Fig. 6. Energy level structure and upconversion luminescence mechanism of Er** ion under (a) 980 nm and (b) 1550 nm
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In addition, the energy levels (‘S;» — “I;sp and
*For, — ") of Er’" as a pair of thermally coupled energy
levels can be used to design non-contact optical
thermometers based on the FIR technique due to their
different corresponding to temperature [16].
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The FIR (Rp) values at different temperatures are
calculated as follows Eq. (2):

Rp = Is20 _ po(-AE/KT) 4 ¢ 2)

Isa0
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where I; and I, represent the fluorescence intensity
integrals of 513-533 nm (*Hy;» — *I;55) and 533-560 nm
(4S3/2 — 4115/2), respectively. C is the constant of
proportionality, AE is the energy gap between 520 nm and
540 nm; and kg and T denote the Boltzmann's constant and
the absolute temperature [17]. The fitting of the data points
according to Eq. (1) is shown in Fig. 8. From the figure, it
can be seen that the pair of energy levels H,,, and 'S5, is
consistent with the characteristics of thermally coupled
energy levels, and the good fit of the data points to the
curves further demonstrates the reliability of the
experimental data. The NaYF,: 1%Er’" crystals were fitted
with the equation R= 7.67exp (- 1255.80 / T) + 0.13, with
a fit degree as high as 0.999, which corresponds to the
parameter representation of B = 7.67, - AE / k = 1255.80,
C = 0.13, and the value of AE was calculated to be
1733.75 ecm™ (as shown in Fig. 7(a)). For this phosphor,
the magnitude of change in FIR is small with the increase
in temperature, which means that the rate of change in the
emission intensity of this phosphor will be relatively close.
In addition, the absolute sensitivity (S,) and relative
sensitivity (S, ) of the optical thermometer can be
estimated by the Eq. (3) and Eq. (4):

Be (—AE/KT)

Be (AE/KT) 4 ¢

1 .dR
Sr=xlar

3)

AE
) = 100% X = X

_dR _ AE

=== x (Be (—=AE/KT) ) (4)

Sa

Among them, the formula for absolute sensitivity is
interpreted as the rate of change of fluorescence intensity
ratio to temperature, and relative sensitivity is interpreted
as the rate of change of fluorescence intensity ratio to
temperature divided by fluorescence intensity ratio [13].
The sensitivity curve of NaYF,: 2% Er’" phosphor was
fitted according to the above two equations, as shown in
Fig. 7. It can be calculated from the data that S, increases
gradually with increasing temperature and reaches a
maximum value of 0.26% K™ (423-433 K), while S,
decreases gradually with increasing temperature and
reaches a maximum value of 0.95% K™ (303 K), as shown
in Fig. 7(b). Since the absolute sensitivity is greatly
affected by the material concentration, excitation and
detection system, it is difficult to accurately measure the
temperature measurement performance of the absolute
sensitivity, and the relative sensitivity is the current means
of evaluating the merits of the temperature sensing
performance. Taking into account the comprehensive
considerations, the NaYF,: 2% Er’" phosphor meets the
requirement of high sensitivity within the temperature
range of 303-483 K. Table 1 demonstrates the fluorescence
temperature sensing performance of Er-doped substrates.
Taking into account the comprehensive considerations, the
NaYF,: 2% Er*" phosphor meets the requirement of high
sensitivity compared to other matrices.

Table 1. Comparison of temperature sensing performance of single-doped Er’* phosphor or co-doped phosphor with E¥** and Yb**

Samples Temperature Jump (e.g. quantum leap in spectroscopy) St max /(%K) Ref.
range/K
NaGdF,:Er*", Yb** 303-573 2Hyip — Lisn S0 — “Iispn 0.0021 [18]
YNbO,: Er*', Yb** 298-673 *Hiip — Hsn S0 — Lisp 0.0072 [19]
Y,05: Er’, Yb* 293-723 Frzn (YD)— “Tisn (Zi), “Fisn (YD) *Lisp (2); 0.03 [20]
BaMoO,:Er*", Yb** 293-553 *Fian (Yi)— s (Zi), *Fran (Y1) — *Lisp (Z); 0.065 [21]
BasGdsZn 0, Er*, YB*'  298-490 *Fonay = Tisns Foney = Tisn 0.16 [22]
BaY,0,: Er*, Yb** 298-573 *Fonay = “Tisns “Fona — ‘Lisn 0.19 [23]
NaYFy: Er* 303-483 4S5 — ‘Lisn, *Fopn — ‘s 0.26 This
work

4. Conclusion

In this synthesized NaYF,: Er’
nanocrystalline materials using a hydrothermal method.

paper, we

The strongest upconversion luminescence intensity was
determined by spectral analysis at a concentration of 2%
of Er’" ions. The NaYF,: Er’" nanocrystalline material
proved to exhibit good luminescence performance, and the
AE was calculated to be 1733.75 cm™. In addition, the
maximum S, and S, values were 0.26% K and 0.95%
K (303 K), and the absolute sensitivity increased with the
increase of temperature. The above results show that

NaYF,: Er’* phosphors can be useful in the field of
These
multi-color spectral properties make the sample as a

temperature  detection. unique multi-modal,

promising  luminescent  materials  for  advanced

anti-counterfeiting, graphic marking and information

encryption applications.
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