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Abstract: Er®
sized via the thermal decomposition route of synthesis. The a-phase crystal structure and

% doped/co-doped NaGdF4 upconversion phosphor nanoparticles were synthe-

nanostructure of these particles were confirmed using XRD and FE-SEM analysis. In the pow-
er-dependent upconversion analysis, different emission bands at 520 nm, 540 nm, and 655 nm were
obtained. The sample was also examined for cathodoluminescence (CL) analysis at different fila-
ment currents of an electron beam. Through CL analysis, different emission bands of 526 nm, 550
nm, 664 nm, and 848 nm were obtained. The suitability of the present sample for tempera-
ture-sensing applications at a wide range of temperatures, from room temperature to 1173 K, was
successfully demonstrated.

Keywords: NaGdFs:Er*/Yb; upconversion; luminescence; cathodoluminescence; temperature
sensor

1. Introduction

Rare-earth-doped phosphor nanoparticles are very useful in different kinds of lu-
minescence, e.g., cathodoluminescence (CL), upconversion (UC), and downconversion
(DC) luminescence [1-3]. With a broad range of luminescence properties, these ra-
re-earth-doped phosphor nanoparticles have a broad range of applications [4-13]. To
achieve effective application, the luminescence efficiency of these nanoparticles should
be very high [14]. Intense luminescence can be achieved through different approaches.
The main approaches are the synthesis process, doping element concentration combina-
tions, and co-doping of different metal and non-metal elements [15-20]. Out of the above
mentioned approaches, the adoption of a suitable synthesis route is very desirable [21].
The controlled particle shape/size, colloidal stability, geometrical structure of particles
etc. are a result of the adoption of a proper synthesis route. There are a number of syn-
thesis processes that have been developed in recent times. The solid-state synthesis
method, chemical co-precipitation route, hydrothermal method, and thermal decompo-
sition method are very common techniques for the synthesis of these particles [21]. The
particle shape, size, morphology, crystal structure, and optical/luminescence properties
are dependent on these synthesis routes [22]. For the achievement of a stable and suitable
nanoparticle for a wide range of temperature-sensing and cathodoluminescence (CL)
applications, the thermal decomposition route of synthesis has been adopted [21].
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Temperature sensing is an important application of rare-earth-doped phosphor
nanoparticles [14]. The rare-earth-doped upconversion phosphor particles have potential
uses in the development of non-contact type temperature sensors [23]. To date, some
temperature sensors with a limited range of temperatures and low values of sensor sen-
sitivity have been developed with different rare-earth-doped phosphor materials. The
sensing range of temperatures and sensor sensitivities of Er**/Yb% dopant combinations
in different phosphor hosts are summarized in Table 1. Through these comparisons it is
found that the sensing ability in a wide range of temperature variation has not been
achieved very well so far. The common temperature ranges from room temperature to
600 K are observed. Therefore, the wide range of sensing ability is a current requirement
to make this system suitable for a variety of applications.

Table 1. Comparative results on temperature-sensing abilities of Er**/Yb3 doped/co-doped parti-
cles.

Temperature Range

S.No System ) Sensor Sensitivity (K1) Reference
1 NaGd(WOs)2: Er3+/Yb3 293-573 0.0119 K" at 453 K [24]
2 YVOu: Er¥/Yb 300485 0.0116 K- at 380 K [25]
3 BaTiOs: Er®/Yb%/Zn 120-505 0.0047 K- at 430 K [26]
4 NaYFa: Er¥/Yb3* 93-673 0.0029 K at 368 K [27]
5 NaLuFa: Er¥/Yb3* 303-523 0.0052 K- at 300 K [28]
6 -NaGdFa: Er3/Yb 303-563 0.0037 Kat 300 K [29]
7 NaYFa: Er®/Yb3/Gd3*/Nd3* 288-328 0.0026 K-at 300 K [30]
8 ZnO/TeOz: Er¥/Yb 300430 0.0120 K at 429 K [31]
9 NaYFa: Er®/Yb3* 300-750 0.0044 K- at 637 K [32]
11 NaGdFu: Er®/Yb3 301-1173 0.0060 K at 301 K Present work

The developed Er®*/Yb* doped/co-doped NaGdF: systems show cathodolumines-
cence (CL) ability along with temperature-sensing applications. The multifunctional
ability of a material is very desirable. If a single material has a variety of applications, it
will be in more demand for industrial-scale production. Therefore, this system is useful
for both non-contact types of temperature sensors and display device fabrications as well.
This shows the multi functionality of this system.

In the present work, Er*/Yb% doped/co-doped NaGdFs upconversion nanoparticles
were synthesized via the thermal decomposition method. Nanosized particles with a pill
shape were formed. Several structural and optical properties of these particles were ex-
amined. The XRD analysis confirmed the a-phase crystal structure of NaGdFa: Ex®+/Yb%
nanoparticles. Through power-dependent upconversion luminescence analysis using 980
nm continuous wave laser excitation, different emission bands were obtained. These
particles can be used for temperature-sensing and cathodoluminescence (CL) applica-
tions.

2. Experimental Process
2.1. Chemicals and Method

Gadolinium oxide (Gdz20s, 99.9%), ytterbium oxide (Yb203, 99.9%) and erbium oxide
(Er20s, 99.9%), were used, along with hydrochloric acid (HCl, 37% concentrated), oleic

acid (CisHs4O2, 60-88%), oleylamine (CisHsN, >95%), ethanol and n-hexane. The entire
synthesis process was performed in the presence of nitrogen gas.
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2.1.1. Synthesis Process

The synthesis process was adopted from our previous report [22]. Gd20s, Er20s and
Yb20s were used in the molar percentage ratio of 80 mol %, 2 mol %, and 18 mol %, re-
spectively. These molar percentages of the three rare-earths were selected as, in previous
research, 2 mol %/18 mol % was an optimized combination of Er?*/Yb?* in different fluo-
ride hosts [22]. All rare-earth oxides were dissolved in 37% concentrated HCl and heated
at 60 °C until transparent solutions of hexahydrated GdCls, YbCls and ErCls were ob-
tained. The reaction process is explained as follows:

2(R.E.)20s + 12HCI — 4(R.E.)Cl5.6H20;

where R.E. stands for Gd, Yb and Er.

Next, in a 100 mL round bottom 3-neck flask, 10 mL of oleic acid (OA) and 15 mL of
olamine (OM) along with the above hexahydrate rare-earth chlorides solution were
combined. The entire system was stirred at 1000 rpm and at 140 °C constant temperature
for 60 min under the constant flow of nitrogen gas to obtain a homogeneous mixture.
Then, the temperature was reduced to 55 °C and a solution of NaOH (100 mg) and NHF
(150 mg) in methanol was injected through a syringe into the solution. To remove
methanol from the mixture, the solution temperature was increased up to 70 °C under
stirring for 20 min. Then, the temperature was slowly increased up to 300 °C. After one
and half hours of reaction at this temperature, the thermal decomposition process of the
synthesized upconversion nanoparticles was completed, and the temperature was cooled
down to room temperature while stirring the synthesized nanoparticles. At room tem-
perature, the precipitate was formed by adding an excess of ethanol and was collected by
using centrifugation @ 8000 RPM, and then synthesized particles were washed 3 times
with ethanol and then dried in a vacuum chamber at 60 °C overnight to obtain fine
powder nanoparticles of NaGdFa: Er®/Yb3*.

2.1.2. Characterization Tools

XRD analysis was carried out using a Bruker D8 advanced instrument in the range
of diffraction angle 25° to 75°. The surface morphology of the sample was studied using
field emission scanning electron microscopy (FESEM) on a Supra 55, Carl Zeiss. The UC
spectra were monitored using a CCD spectrometer (Model: ULS2048 x 64, Avantes, 2586
Trailridge Dr E, Suite 100, Lafayette, CO 80026, USA) with a 980 nm diode laser as an
excitation source. Cathodoluminescence was measured on a Lumic HC3-LM instrument
coupled to an optical microscope (Institute of Earth Sciences, University of Porto). The
system was operated at 14 kV and a filament current of 0.18 mA. Cathodoluminescence
images were acquired with a digital video camera (KAPPA PS 40C-285 (DX)) with du-
al-stage Peltier cooling. The temperature sensing analysis was carried out on a home-
made Nano heater system.

3. Results and Discussion
3.1. Structural Analysis
3.1.1. XRD Analysis

The XRD analysis was carried out in the diffraction angle range of 25° to 75°. Dif-
fraction peaks corresponding to a-phase of the NaGdFu crystal structure were observed
and all peaks were well matched with the standard data file JCPDS No 27-0697, as ob-
served and shown in Figure 1 [23]. Some small peaks were also observed, along with
dominant peaks which mostly had intensities equivalent to the background. These small
peaks may arise due to impurities from synthesizing agents or possible formation of ex-
tra phases of the present sample. These peaks may be ignored as they can be easily re-
moved in baseline correction. A comparatively intense peak around 43° was seen. This
small peak was probably due to some impurities from synthesizing agents.
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Figure 1. The XRD analysis of NaGdFa: Er®/Yb* phosphor particles for a-phase formation.

3.1.2. Nanostructure and Elemental Analysis

The nanostructures of the synthesized upconversion nanoparticles are shown in
Figure 2. The FE-SEM image was taken using a 20 nm scale bar. Mostly pill-shaped but
nearly spherical particles were observed (Figure 2). The particle morphology was not
very regular but all particles were well distinguished. There was no agglomeration effect
observed. These particles may also be stable in colloidal states through some surface
modification using chemical procedures. Therefore, these particles are very suitable for
multifunctional applications in a broad range of fields.
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Figure 2. The field emission scanning electron microscopy (FE-SEM) image of NaGdF4: Er®/Yb%
phosphor particles.

3.2. Optical Characterization
3.2.1. Upconversion Spectra Analysis

The power-dependent upconversion emission spectra from the present sample
NaGdFa: Er®*/Yb% were recorded using 980 nm CW diode laser excitation [33]. The pump
power of excitation was varied from 100 mW to 2600 mW with an interval of 100 mW and
200 mW as shown in Figure 3. Here, in the range of 450-700 nm of visible emissions,
different emission bands at 490 nm, 520 nm, 540 nm, and 655 nm were obtained. These
bands had energy level transitions at *F72—*l1s2, 2Hi12—*L1512, 2582—41152, and *Fop—4lisp2,
respectively. At a lower excitation power of 100 mW, the upconversion emission inten-
sity was very low. With the increase in pump power of excitation, the emission intensity
was increased correspondingly up to 2600 mW of excitation. Due to the limit of the pump
power of the excitation source, no power beyond 2600 mW was selected, but it is pre-
dicted that further enhancement in emission intensity is possible with higher excitation
power selection. The relative emission intensity variation of different emission bands was
also observed. For example, at low excitation power up to 800 mW, corresponding to the
2Hup—4his2 emission band, the intensity was lower than the emission intensity of the
2532—4152 emission band, but beyond 800 mW this emission intensity was relatively in-
verted. This probably happened due to excitation power-dependent population differ-
ences from different emission bands. A detailed description of the pump power of exci-
tation-dependent emission intensity variations is given in the following sections.
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Figure 3. Power-dependent upconversion emission spectra analysis of NaGdF4: Er**/Yb* at room
temperature excited by a 980 nm diode laser source in the range of 100-2200 mW pump power of
excitation.

In Figure 4a, the variations of emission intensities with the pump power of excita-
tions for different dominant emission bands at 520 nm, 540 nm, and 655 nm are summa-
rized. In this graph, the emission intensities for thermally coupled bands at 520 nm and
540 nm increase constantly with the increase in pump power. Corresponding to 655 nm,
the emission intensity first increased to 800 mW and beyond this power the emission
band was almost constant, up to 2200 mW. The further increase in power for this band
showed little change in emission intensity. In Figure 4b, the variation of intensity ratio
between two thermally coupled levels at 520 nm and 540 nm with the pump power of
excitation is shown. This graph explains the relative variation of intensity between these
levels. From 100 mW to 400 mW, this ratio decreased, then beyond this power this ratio
increased. In the same manner, in Figure 4c the ratio of total green (520 nm + 540 nm) and
total red (655 nm) variation with the pump power of excitation is shown. At 100 mW, this
ratio value was higher, but beyond this power, the ratio varied linearly from lower to
higher values.

The Commission Internationale de 1’Elcairage (CIE) plot is an important tool to
examine the purity of emitted luminescence [34]. The corresponding CIE plot for the
pump power of excitation-dependent intensity variation of the present sample is shown
in Figure 4d. Here, with the increase in pump power of excitation, the color coordinates
and the color purities both shift to the green region from the central region. This variation
shows that the radiative emission probability was increased with an increase in excitation
power. In supporting information Table 51, the pump power of excitation-dependent CIE
coordinates and the corresponding color purity are summarized. Corresponding to the
lowest excitation at 100 mW, the purity of the green color emission was only 2.0%; with
the increase in excitation power, the emission color purity was also increased, and it
achieved a maximum of 54.0%, corresponding to 2200 mW. This confirms that the radia-
tive emission efficiency increased with an increase in excitation power.
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Figure 4. (a) A comparison of the variation of upconversion luminescence intensity with the pump
power (from 100 mW to 2600 mW) at different emission bands of 520 nm, 540 nm, and 655 nm. (b)
The ratio of intensities of the thermally coupled levels at 520 nm and 540 nm corresponds to each
excitation power. (c) The variation of the ratio of total green to red intensities corresponds to the
pump power of excitations. (d) CIE (International Commission on Illumination chromaticity dia-
gram) color coordinates (x, y) representation on CIE color diagram of samples with different exci-
tation powers.

3.2.2. Cathodoluminescence Analysis

Cathodoluminescence (CL) is a well-known luminescence process with a broad
range of applications in display devices [35]. Here, the emission spectra of NaGdFu:
Er®/Yb% upconversion phosphor particles with the variation of the filament current of
cathode rays are plotted in Figure 5. From 0.10 mA, the value of the filament current to
0.70 mA is selected. Here it is observed that with the increase in this parameter, CL
emission intensity was also increased. This increase in CL emission intensity is the same
as the power dependence upconversion emission spectra described in the previous sec-
tion. In comparison to UC spectra, the emissions from 520 nm and 540 nm emission states
are not completely distinguished. It seems there is a broad CL emission in the range of
513 nm to 573 nm from these states. The emission from the “Fop2level also shifted from 655
nm of UC to 664 nm. These shifts in emission bands are probably due to the emission
probabilities selections due to differences in the selection of excitation sources. In the CL
spectra, the emission band corresponding to “F72—4152(490 nm) did not appear, but an
additional emission band at 848 nm emission through 4ls»—*l152 was obtained.
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Figure 5. Filament current-dependent cathodoluminescence emission spectra variation of NaGdFa:
Er¥*/Yb% upconversion phosphor particles.

A camera image under white light illumination of the prepared sample for cathod-
oluminescence analysis is shown in Figure 6a. In a dark environment, CL images at dif-
ferent filament currents were taken and are summarized in Figure 6b—j. In these images,
the brightness increased with an increase in filament currents at 0.10 mA, 0.20 mA, 0.30
mA, 0.40 mA, 0.50 mA, 0.60 mA and 0.70 mA. The increase in filament current ensures
the availability of more electrons within the boundary of the fabricated sample. This in-
creased number of available electrons is responsible for the improvement in the CL
brightness and clarity of the taken photographs. This property of the present sample is
very interesting and confirms that this sample is suitable for display applications. The
corresponding CL emission spectra of these CL photos are described in the next section.
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Figure 6. (a) Photograph of the sample prepared with NaGdFa: Er®*/Yb% upconversion phosphor
particles for cathodoluminescence under the illumination of white light. (b—j) Photomicrograph in
transmitted light at different filament currents of canal rays from 0.10 mA to 0.70 mA and the re-
spective CL images.

3.2.3. Energy Level Transitions for Both Luminescence

In Figure 7, a combined energy level diagram for upconversion emission bands and
CL emission bands is shown. For UC emissions, the energy transfer (ET), excitation state
absorption (ESA) and ground-state absorption (GSA) processes took place [33]. Fur-
thermore, in the CL process, the incident electron beams are directly absorbed by acti-
vator ion Er* and are excited to higher states. From there, some radiative transitions took
place along with non-radiative transitions. We thus tried to explain the CL process
through an energy level diagram for the first time; as electron beams are energetic parti-
cles, they knock the grounded particles to an excited level, and then the luminescence
process can take place.
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Figure 7. Energy level pathways for upconversion emissions bands of Yb%* (sensitizer) and Er®*
(activator) with possible excitation for NaGdFa: Er¥/Yb% upconversion phosphor particles. Along
the side, we explain the CL emissions due to the excitation of canal rays.

4. Temperature-Sensing Application of the Present System

For the temperature-sensing study, a pellet was made from the powder sample us-
ing a pelletizer. This pellet was then placed inside a homemade chamber with controlled
heating. Through 980 nm diode laser excitation, the upconversion luminescence was
recorded on a CCD spectrometer. The temperature of the sample varied from 301 K to
1173 K with an interval of 50 K. The fluorescence intensity ratio (FIR) was calculated for
thermally coupled 520 nm (2Hii2—*l152) and 540 nm (*Sz2—*l1512) levels as per [14]:

Iso0  Wyguvh (—AE) B (—AE)
= ex == exp
Isyo  Wsgsvs kgT kgT

where Is» and Iso are the integrated intensities corresponding to the 2Hup—4lis2 and
4S32—4l152 transitions, respectively. Wi and Ws are the radiative transition probabilities,
guand gs are the (2] + 1) degeneracy of levels 2Huzand 4Ssp, respectively, and vaand vs
are the photon frequencies of the 2Hup2 —4lispand 4532 —4#Lisz transitions, respectively. AE
is the energy gap between the two emitting levels, ks is the Boltzmann constant and T is
the absolute temperature. The above equation can be written as:

In(FIR) = InB + (%j )
B

To obtain the value of AE, the plot between In FIR and inverse temperature (1/T) is
shown in Figure 8a and the slope (-535.0) of this plot gives the value of AE/ks. The sens-
ing ability of this sensor is confirmed through the measurement of its sensitivity. The
absolute and relative sensitivities are calculated by [36]:

FIR = 1)

d(FIR) AE
s, = 25N _p
A dT k,T? ®)
1 d(EIR AE
s, _ LOER) _ “

R dT k,T?
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In the Figure 8c the absolute sensitivity (Sa) is measured using formula (3). The rel-
ative sensitivity for this sensor was plotted in Figure 8d. This result shows that around
room temperature, the sensor sensitivity is the highest. The measurements of sensitivity
against temperature variation prove that the temperature sensor based on this material
has a good sensitivity over a large temperature variation. The absolute sensitivity has a
maximum value of 3.0 x 10 K-! and the relative sensor sensitivity has maximum value of
6.0 x 103 K at 301 K. The present material also shows its sensing ability with the varia-
tion in the range of temperature from 301 K to 1173 K.
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Figure 8. Temperature sensing behavior of NaGdFi: Er®/Yb* upconversion phosphor particles
sampled at low power excitation of 500 mW. (a) Samples surrounding temperature-dependent
upconversion emission intensity variations at different selected temperatures; (b) In (FIR) with the
function of inverse temperature; (c) variation of absolute sensor sensitivity with temperature; (d)
variation of relative sensor sensitivity with temperature.

5. Conclusions

In conclusion, the NaGdFa: Er®*/Yb* upconversion nanoparticles synthesized via the
thermal decomposition route show a nanostructure with around 20 nm particle size. The
a-phase NaGdF: crystal structure was confirmed by XRD analysis and particle shape/size
was analyzed through FESEM analysis. The multifunctional luminescence-like upcon-
version and cathodoluminescence was successfully observed using 980 nm laser and
electron beam excitations. The luminescence mechanisms for both luminescence pro-
cesses were successfully explained on the energy level diagram. Finally, the synthesized
particle was utilized for a non-contact type temperature-sensing application in a wide
range of temperatures, from 300 to 1173 K, and a high absolute sensor sensitivity of 4.0 x
103 K and relative sensor sensitivity of 6.0 x 10-3 K- at 301 K were observed. Overall, the
present sample displays different luminescence emission properties and has potential
applications in the temperature-sensing and display fields.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/ma15196563/s1.
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