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Sr17ZNng 3Ce04F o »:Eu*: novel dual-emission
temperature sensors for remote, noncontact
thermometric applicationy
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A novel dual-emitting temperature sensor, Sry7ZNno 3Ce04F0 2:EU>T, is successfully synthesized via a ceramic

reaction. Powder X-ray diffraction patterns and Rietveld refinement verify the phase purity of the sensor. Its

photoluminescence spectrum exhibits a pronounced intrinsic dual emission, theoretically divided by the
wavelength of 570 nm: one stems from Eu®* and the other is derived from the Ce**—02" charge

transfer state. The temperature-dependent luminescence spectra of the dual-emission thermophosphor

demonstrate its superior sensitivity towards ambient temperature. Further studies illustrate that the

intensity ratio between the aforementioned two parts, as a function of temperature, is perfectly linear

over a broad temperature window, yielding a convenient and accurate approach to obtain the
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temperature of a target, measured using the noncontact self-referencing model. We also investigate the

basis of the underlying mechanism of Sr7ZNno.3Ce04F0 »:EU®" as a dual-emission thermometric sensor.
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1. Introduction

Temperature, which has a strong relationship with humans, is
of considerable significance in daily life and contributes greatly
to human progress.' Over the past decades, technology has
promoted the measurement of temperature to a high degree.
However, with the increasing sophistication of targets and
continuously pursued accuracy comes the demand for tech-
nology to obtain the temperature with a high degree of preci-
sion, which thus fully enables the requirement of the society.*

The traditional design paradigm of temperature measure-
ment, presently widely used, is based on the principle of either
the thermal expansion of materials like liquid-filled glass
thermometers® or the Seebeck effect, such as in thermocou-
ples,*” which is called touch thermography. However, this
technique is not suitable for the measurement of surface
temperature and has the drawback of only limited temperature
points on the surface. Furthermore, it cannot be applied in
harsh and corrosive environments, such as in wind tunnels,
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The research herein shows that the intrinsic dual-emission sensor, as a new-fashioned thermophosphor,
displays potential for ratiometric intensity measurements in thermometry domains.

rocket engines, and gas centrifuge rotors.*° Since temperature
is the most consequential parameter in the field of industry
and society, the development of methods for temperature
measurement remains popular.’®* Among the different
methods, the recent emerging method of optical thermometry
has drawn world-wide attention due to its unique advantages of
contactless, non-invasiveness and wide-angle mapping surface
temperature measurements, along with remote detection, high
accuracy, high signal yield, cost-effectiveness, and quantitative
global temperature/heating information, which readily deter-
mines the temperature with competitive accuracy at any given
point on a surface, as well as enables the realization of the
surface temperature distribution.****” In addition, this
method can be applied to the temperature measurement of
both static and dynamic surfaces.”®*®

Since this method can be conducted remotely, it is of vital
significance in environments that are full of noise, hazards and
explosives. Furthermore, the fluorescence thermometry method
is immune to extraneous interferences, as well as has a wide
temperature range based on the selection of the proper ther-
mophosphor. Among the fluorescence methods, the ratiometric
intensity measurement (RIM) shows the most potential
compared with the measurement of intensity, lifetimes, and
anisotropy.* The spectroscopic scheme of RIM is straightfor-
ward, easy to manipulate and widely used to reference lumi-
nescence intensity data. In RIM, the intensity of the second
band is related to the temperature-dependent signal. Ideally,
the reference intensity of the second band responds to
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temperature in the opposite direction.*>** This ratiometric
referencing scheme can cancel out variations in indicator
concentration, geometry, source intensity, and light field. On
the other hand, however, light scattering, background fluores-
cence and reflection are not compensated for.** Generally, there
are two common approaches in RIMs: one is based on refer-
encing an indicator signal to a second dye,** the other is dual
emission wavelength probes.*® In the first approach, it can be
compromised by Forster resonance energy transfer (FRET) and
different photo-bleaching rates of the probe and reference dye,
whereas the probes applicable for the second approach are rare.
Herein, the ratio of intensities of two emission bands represents
the intrinsically referenced signal. This method can eliminate
most of the aforementioned drawbacks and therefore is
preferred.

The indispensable and fundamental component in fluores-
cence thermometry is the temperature sensor. To date, several
dual-emission temperature sensors have been developed, such
as ZnS:Mn*" Eu®",*® CdSe/ZnS,*” and NaYF,:Er*",Yb>".>® A review
has summarized the dual-emitting temperature sensors.*®
However, the research on thermometric sensors with uncom-
plicated preparation procedures, such as oxides, is rare.

Sr,CeQ,, reported by Danielson et al. in 1998, has an ortho-
rhombic unit cell with Pbam as the space group,*®** which
proves to be a new efficient rare-earth phosphor with 100%
activator concentration emitting bright blue white fluorescence
under the excitation of UV light, X rays, or cathode rays.*»*
Generally, the blue white emission is derived from the Ce**-0*~
charge transfer state (Ce-O CTS).** Upon the appearance of
Sr,Ce0,, substantial studies have been focused on its synthesis,
structure, emission mechanism and potential applications.
Moreover, Eu®*" due to the characteristic electronic configura-
tion 4f°, can exhibit adequate emission colors, such as blue,
green, and red, which plays a significant role in modern lighting
and display domains.***” These characteristics of Eu** have
inspired researchers to investigate the optical properties of
Eu3+-doped Sr,CeO,, which prove to be substantially influenced
by the energy transfer from Ce-O CTS to Eu*".***® When the
concentration of Eu** becomes higher, the emission from Ce-O
CTS reduces until it disappears and eventually the emission
originating from Eu®* predominates owing to the energy
transfer from Ce-O CTS to Eu*", leading to the characteristic
emission of Eu®".55' Consequently, the emission color of Sr,-
CeO,:Eu’®" phosphors changes from blue to red with an increase
in the content of Eu**, which favors potential applications in TV
tubes and high (low) pressure mercury vapor lamps. In addi-
tion, a thorough investigation of the temperature-dependent
emission of Sr,CeO4:Eu®" has been performed, and the result
indicates that Sr,CeO,:Eu®" has a potential utility in fluores-
cence thermometry.””

In terms of the narrow excitation and poor thermal stability of
Sr,CeO,:Eu®" phosphors, however, the modified Sr;,Zng ;-
CeO4:Eu’* phosphors in our previous study have been system-
atically discussed, which proved their substantially improved
excitation wavelengths and thermal stability.>* In addition, based
on its effective radius, a favorable preference to substitute Sr**
ions for Eu®*" ions after the introduction of Eu®* into Sr,CeO,,
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gives rise to charge imbalance. Therefore, we investigated the
influence of the charge compensation on the optical properties of
the Sr,CeO,:Eu*" phosphors, and verified that charge compen-
sation can boost luminescent properties.*® Hence, the organic
combination of the aforementioned modified approaches of
phosphors enables us to further investigate the potential appli-
cation of phosphors in the thermometry domain.

To the best of our knowledge, related research on ther-
mometry in the cerium-strontium-zinc oxyfluoride system is
rarely reported, even though Sr,CeO,-based systems have been
widely investigated and reported in previous studies. Therefore,
in this study, we describe a novel oxyfluoride-based dual emis-
sion sensor, Sr;,Zn, ;Ce04F,,:0.005Eu®*, which can meet the
requirements of near-UV light excitation and dual-emitting
temperature sensors. Powder X-ray diffraction and Rietveld
refinement are employed to substantiate the crystal structure
and phase homogeneity of the pre-synthesized Sr; ;Zn, 3CeO,-
F.:0.005Eu®". Under the proper doped concentration of Eu®",
the emission of both the Ce**-O>~ charge transfer state and
Eu®*" is realized. The photoluminescence behavior of the
sample, as a function of temperature, within the range of 298 K
to 473 K is thoroughly discussed. The thermal quenching
property demonstrates the suitable temperature-dependent
fluorescence emission, which is indispensable for emission
temperature sensors. Particularly, the dual-emission technique,
which is the ratio of the two portions of the emission spectrum
divided by 570 nm, is adopted to study the potential application
of the sensor for noncontact luminescence thermometry. In
addition, the sensitivity and resolution results show that the
reported dual-emission temperature sensor is powerful for
future application in thermometry. The fundamental under-
pinning mechanism of the Sr; ,Zny 3Ce0,4F, »:0.005Eu®" dual-
emission sensor is also explored. In short, not only is a specific
system reported in this study, but also a methodology that could
be generalized to other systems by modifying the original
system is described.

2. Experimental
2.1 Materials and synthesis

The novel dual-emitting phosphor, St; ;Zn, ;Ce04F, ,:0.005Eu*"
(SZCF:Eu®"), was synthesized via a traditional high-temperature
solid-state reaction. The starting materials, SrCO; (A.R., 99.9%),
CeO, (A.R., 99.9%), Eu,0; (A.R., 99.99%), SIF, (A.R., 99.99%),
and ZnO (A.R., 99.9%), were weighed at stoichiometric ratios.
The raw materials were mixed and ground in an agate mortar
thoroughly, and the homogenous mixtures were transferred to
an alumina crucible and sintered at 1000 °C for 10 h in air.
Then, the precursor was reground and calcined at 1000 °C for
10 h again. After cooling to room temperature (RT) naturally,
the as-obtained phosphor was ground into a powder for further
measurements.

2.2 Characterization

Powder X-ray diffraction (PXRD) profiles for phase identifica-
tion were collected using a D8 Focus diffractometer operating

This journal is © The Royal Society of Chemistry 2017
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at 40 kv and 40 mA with graphite-monochromated Cu Ka
radiation (A = 0.15405 nm) at a scanning rate of 10° min~ " with
260 ranging from 10 to 65°. The photoluminescence excitation
(PLE) and photoluminescence spectra (PL) of the phosphor
were measured on a Hitachi F-7000 spectrophotometer with
a 150 W xenon lamp excitation source. Three-dimension
temperature-dependent (3D-TD) spectra were measured using
a homemade instrument mainly consisting of a CCD detector
and heating apparatus. The samples were placed in a home-
made sample holder and heated from RT to 400 K at the speed
of 1 K per second, and temperature-dependence (TD) curves
were obtained from the 3D-TD emission spectra with a data
transferring technique using computer software. Fourier
transform infrared spectra (FTIR) were measured on an FTIR
spectrometer (VEPTEX 70) in the range of 400 to 4000 cm ™. All
measurements were carried out at RT unless otherwise
mentioned.

3. Results and discussion
3.1 Phase composition

The standard data of the single-phased crystal structure of
Sr,CeO, in the Joint Committee on Powder Diffraction Stan-
dards (JCPDS) card no. 50-0115 was used as the initial reference
to explore the actual structure of the sample. The synthesized
sensor was analyzed via PXRD to verify the phase composition
of SZCF:Eu®", as portrayed in Fig. 1(a), which is associated with
SZCF without the dopant Eu®*" and the referential data. It is
apparent from Fig. 1(a) that the PXRD pattern can be well
indexed with the standard data of Sr,CeO,, which demonstrates
the formation of a single octahedral phase, as well as no
generation of any notable impurities due to the incorporation of
dopants.

To obtain detailed information about the crystal structure of
the sample, the Rietveld refinement of SZCF:Eu®" was carried
out with the single crystal structure data of Sr,CeO, as the initial
model. Fig. 1(b) shows the experimental (black), calculated
(red), and difference (green) PXRD profiles for the Rietveld
refinement of the SZCF:Eu®* sample obtained using the general
structure analysis system (GSAS) program.**** The refinement
finally converges to x = 8.59%, R, = 7.75%, and R;, = 5.14%,
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Fig. 1 (a) PXRD patterns of SZCF:Eu®* phosphors associated with the
standard reference data of Sr,CeQO,4 (JCPDS no. 50-0115). (b) Experi-
mental (crosses) and calculated (red solid line) powder PXRD patterns
of the Sry7Zng3CeO4Fo > matrix. The green solid lines represent the
difference between the experimental and calculated data and the blue
sticks mark the Bragg reflections. (c) Unit cell structure of Sr,CeO4 and
corresponding coordination environments of Ce** and Sr?*.
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Table 1 Rietveld refinement and crystallographic data of
Sr1v7zn03CeO4Fo_2:O.OOSEU3+
Formula Sty 5Zngy 3Ce0,4F, 5:0.005Eu**
Formula weight 754.488
Space group Pbam (no. 55)
a (A) 6.121
b (A) 10.353
c(A) 3.598
Units, Z 2
v (A% 228.049
Crystal density (g cm ™) 5.561
X 8.59
R, (%) 5.14
Ryp (%) 7.75

which illustrates the goodness-of-fit parameter. The detailed
result of the refinement is shown in Table 1, which again
demonstrates that SZCF:Eu®" is isotopic with Sr,CeO, and Eu**
has been successfully doped into the host lattice Sr;;Zng ;-
CeO,F,,. The SZCF:Eu®* phosphor have an orthorhombic unit
cell with Pham as the space group and cell parameters of a =
6.121 A, b = 10.353 A, ¢ = 3.598 A, and cell volume (V) = 228.049
A®. Fig. 1(c) shows the unit cell structure of Sr,CeO, and the
corresponding coordination environments of the Ce and Sr
atoms. In the Sr,CeO, host, the coordination number (CN) of
Ce*" is 6, which subsequently results in the CeOq octahedra,
whereas the Sr** sites are coordinated with six oxygen atoms.*!
In addition, the atom positions and thermal parameters of
SZCF:Eu®" attained from the refinement are listed in Table 2.

Based on the refinement results and similar effective ionic
radii between Eu®" (1.09 A for CN = 6), Ce*" (1.01 A for CN = 6)
and Sr** (1.32 A for CN = 6), 0> (1.26 A for CN = 6) and F~
(1.19 A for CN = 6),% we think that Eu®*" would tend to substitute
for the Sr** site, whereas F~ preferably takes the site of O>".
However, due to the difference in the effective radii between
Eu*", Sr**, F~ and O°", the XRD peaks for SZCF and SZCF:xEu®"
shift to a larger 26 angle in comparison with that of the original
compound, Sr,CeO,, as shown in Fig. 1(a).

3.2 Photoluminescence properties of Sty ,Zny ;Ce04F, »:Eu®*

A prerequisite for the thermometric sensor is that its excitation
wavelength is supposed to fall within the wavelength range of
commercial near-UV LED chips, which is essential for

Table 2 Atom positional and thermal parameters  of
Sty 7ZNn0.3Ce04F0:0.005EU>*

Atom X y z Ujso X 100
Cel 0 0 0 1.188
Sr1 0.06127 0.67924 0.5 1.721
Zn1 0.06127 0.67924 0.5 1.721
Eul 0.06127 0.67924 0.5 1.721
o1 0.85343(3) 0.80128(1) 0 —1.526
02 0.23893(7) —0.04378(7) 0.5 2.360
F1 0.85343(3) 0.80128(1) 0 —1.526
F2 0.23893(7) —0.04378(7) 0.5 2.360

RSC Aadv., 2017, 7, 9645-9652 | 9647
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Fig. 2 (a) PLE spectra of the SZCF:Eu** phosphor monitored at 475
nm. (b) PL spectrum of SZCF:Eu®* excited at 365 nm. The inset (c)
corresponds to the “Fo—°Lg transition of Eu®*.

engineering. Fig. 2(a) shows the PLE spectrum of SZCF:Eu®"*
under the monitored wavelength of 475 nm. In addition, it can
be proven that the same PLE spectrum could be obtained if the
monitored wavelength is at 617 nm. Based on the graph, it is
apparent that the range of the wavelength obtained from the
PLE spectrum indicates that the sensor is perfectly consistent
with the current commercial near-UV LED chips. Even though
a large amount of dopants have been introduced into the lattice,
the cell structure does not undergo any changes. Based on
previous reports, as well as the PXRD measurement, we can
index the origin of various peaks. The wide band at 200 to 400
nm together with the apex at 278 nm and bridge peak at 332 nm
are derived from Ce-O CTS. In the Sr,CeO, structure, the
equatorial Ce**~0*" bonds are about 0.1 A longer than the axial
bonds, which leads to the distorted CeOg octahedron and two
excited states. The further study carried out by Nag et al
unraveled that the nature of the PLE spectrum is assigned to the
tig~f CTS and t,,—f CTS, as can be seen from the Gaussian
deconvoluted PLE spectrum in Fig. 1(a) on the basis of the
energy scale with the peaks at 283 and 346 nm, respectively.*®
With respect to the difference in intensity, the t;,~f CTS tran-
sition is parity forbidden, which makes the intensity lower
compared to that of the allowed t;,~f CTS transition. Apart from
this, a weak peak at 395 nm, which is derived from the "Fy-"Lg
transition of Eu®", is also observed, as seen in the inset (c) of
Fig. 2(a). Briefly, the fascinatingly wide wavelength of the PLE
spectrum of the sensor paves the way for its future commercial
application.

Based on the proper photoluminescence excitation wave-
length, herein, the commercially widely-adopted near ultravi-
olet (n-UV) LED light enabled us to illuminate the SZCF:Eu**
thermometric sensor, and subsequently the PL spectrum was
obtained as shown in Fig. 2(b). It is remarkable that the spec-
trum consists of two distinct parts compared with that of SZCF
irradiated under the wavelength of 365 nm, as seen in Fig. S1.7
The first part stems from Ce-O CTS in the wavelength range of
450 to 600 nm and the other is due to the characteristic tran-
sitions of Eu®". It is clear that the emission from Ce-O CTS
overlaps substantially with that of Eu**. In terms of the various
peaks in the second part, they can be indexed to the specific
transition of Eu®". The peaks derived from Eu®" ions are located
at 467, 490, 512, 534, 555, 585, 616, 655 and 707 nm, which are
the contributions of the °D,~"F,, *D,-'F,, “D,~’F;, °D;—"F;,
°D,-"F,, *Dy-"F;, *Dy-"F,, °Dy—'F; and °D,-'F, transitions,
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View Article Online

Paper
1 12.0k
1 10.0k
| 8.0k
] 2
] ok 2
— [}
_] 40k E
] 2.0k

450 500 550 600 650

Wavelength (nm)

700 750

Fig. 3 Temperature dependence of the PL spectra of SZOF:Eu®*
under the excitation of 365 nm.

respectively. In addition, as observed from the PL spectrum, the
appropriately equal intensities of both parts underpin the
possibility of dual-emission thermometry.

3.3 Thermal quenching properties of Sty ,Zny ;Ce04F, »:Eu*

The thermal stability of a phosphor plays a crucial role in its
practical application, particularly for thermometric sensors.
Fig. 3 shows the evolution of the PL spectra of the sample within
the spectral region of 425-750 nm as a function of temperature.
Noticeably, the intensity of the spectra decreases with the
augmentation of the temperature, which is considerably
consistent with the general thermal quenching phenomenon
for luminescent materials. As the temperature increases, the
energy of the phonon in the phosphor ascends to one point at
which the energy is beyond the threshold of quenching.
Subsequently, more energy absorbed by the sensor is given off
as heat rather than radiation. Thus, we can observe a decreasing
intensity with the increase in temperature, which will be further
discussed later. On the basis of the abovementioned point,
there should be a critical point of the detected temperature
beyond which accuracy will not be guaranteed. Therefore, the
desperate and challenging issue nowadays is to find proper
thermophosphors to substantially lift this critical point.

Generally, the color of light has a strong relationship with
temperature. Moreover, the color of light could be reflected by
the CIE (international commission on illumination) chroma-
ticity coordinates. Therefore, herein, we calculated the coordi-
nates of the light emitted at different temperatures, and the
corresponding CIE is plotted in Fig. 4. It is remarkable that the
corresponding hues range from light green to yellow. The
calculated CIE coordinates are tabulated in Table Si1.t
The dependence of the color of the light on temperature
substantially supports the thermal properties of the SZOF:Eu*"
dual-emission sensor and further reveals its potential in the
thermometry field.

In addition, the temperature dependence of the lifetime of
the sensor is capable of being used to investigate the mecha-
nism of the thermal quenching property. We think that the
lifetime of the sensor would decrease with an increase in the

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 CIE chromaticity diagram of the SZOF:Eu®* phosphor with
temperature (a) T=291K, (b) T= 311K, (c) T=331K, (d) T=351K, (e) T
=371Kand () T = 391 K.

temperature due to the accelerated rate of the electron to transit
from one energy level to another. However, due to limited
characterization instruments, we cannot verify our hypothesis
via substantial experimental data.

The sensitivity and resolution, as key points of thermometric
sensors, determine the degree of precision of the temperature
obtained practically. However, the sensitivity of the thermo-
metric sensor, to a large extent, is proportional to the emissive
intensity. Generally, the higher the intensity is, the better the
sensitivity is. Hence, to obtain the sensitivity of the sensor as
well as further verify the feasibility of the sensor in future
practical application, we explore the relationship of the inte-
grated intensity (the area under the spectrum) with tempera-
ture, as shown in Fig. 5.

It is remarkable from the graph that the integral intensity
decreases with an increase in temperature, which is consistent
with the trend of the variation of the spectra with temperature,
and further verifies the thermal quenching behavior of phos-
phors.”” On the other hand, the order of magnitude of the
integrated intensity is large enough that even the least sensitive
photomultiplier is capable of detecting the intensity. In other
words, the sensitivity of the dual-emitting phosphor can satisfy
the essential requirement of the practical application. In addi-
tion to the importance of intensity closely associated with
sensitivity, the relationship of the integrated intensity with
temperature is also vital to thermometry. If a relation is readily
attained, such as linear or quadratic, it is easy to deduce the
appropriate temperature based on the measured integral
intensity, which may be considered as the calibrated reference
temperature compared with that from dual-emission
thermometry.®

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Relationship between the integrated intensity of the PL spec-
trum of SZOF:Eu** and temperature.

Fig. 5 displays the dependence of the integrated intensity on
temperature. Clearly, the relation of the integrated intensity
with temperature is linear within the range of 291 K and 391 K,
which can match the fundamental requirement of the practical
application. By fitting the data, the linear function can be ob-
tained as follows:

I=—1.18 x 10°T + 4.99 x 10° (1)

with the correlation coefficient (R*) of 0.999, where I denotes the
integrated intensity of the spectrum, T represents the temper-
ature of the detected object, and the slope of the line stands for
the resolution of the intensity method. Herein, based on the
fitted equation, the order of magnitude of the slope is 10%
which is indicative of superior sensitivity. In comparison with
the different composition of Sr; ;Zn, ;Ce04F,,:0.01Eu**, which
has the order of magnitude of the slope of 10° as depicted in
Fig. S2,1 Sr; 5Zn, 3Ce04F, »:0.005Eu®" shows higher sensitivity.
Traditionally, therefore, if we can detect the integrated intensity
at an unknown temperature, we can calculate the temperature
on the basis of the above equation. However, the accuracy of
such calculated temperature is suspicious due to the wide
variety of factors that contribute to it, which calls for the
emergence of dual-emission thermometry with the hope of
overcoming the aforementioned drawbacks.

The fundamental basis of the dual-emission thermometry is
the simple relationship between the ratio and the temperature
through which we can obtain the desired temperature. Hence,
we plotted the graph of the integrated intensity ratio versus
temperature. Firstly, the best separator wavelength to realize
dual emission and higher sensitivity was determined after trial
and error, which is 570 nm. In principle, this method is very
similar with that adopted for the Eu**@UiO-bpydc® sensor and
reported by Shi.>” The ratio I,,/I, was calculated using the inte-
grated intensity I, of the spectrum before the wavelength of 570
nm, divided by I,, of the spectrum after the wavelength of 570
nm. Then, we obtained the plot of the intensity ratio as a func-
tion of temperature, as illustrated in Fig. 6.

Conspicuously, the relation of the ratio with temperature is
linear, which satisfies the requirement of the simple relation-
ship of the ratio versus temperature. The linear relation remains

RSC Adv., 2017, 7, 9645-9652 | 9649
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Fig. 6 Dependence of the ratio /,/l, of the integrated intensity on
temperature.

perfect in the temperature range between 291 K and 391 K and
obeys the following function:

R=—001T+ 4388 @)

with the residual sum of squares (RSS) of 0.00368, along with
the correlation coefficient of 0.994, where R stands for the ratio
I/, and T is the temperature of the object. The relationship of
the ratio with temperature is linear with the slope of 0.01. The
temperature sensitivity (S) of the sensor is defined as,

dR
S = ‘d—T =0.01 3)

where the symbols have the same meaning as those in eqn (2).
Based on this, the sensitivity is 0.01, which is a constant. Even
though S herein is a little smaller than that of Yg.947Ybg.05-
Erg 93VO0,,* it remains constant with temperature. This further
illustrates the comparable sensitivity of the studied dual-emit-
ting thermometry sensor compared with the previously reported
sensor,’® leading to its potential applications in various fields.
This is the basis of the ratiometric intensity measurement. If we
can measure the value of R via a proper photomultiplier, then
the corresponding temperature could be calculated through the
abovementioned equation. Since the energy transfer between
Ce-O CTS and Eu®*" would vary due to the fact that doped
concentration of Eu** would have an influence on the temper-
ature sensitivity as shown in Fig. S3,f a comprehensive
conclusion between the sensitivity and concentration cannot be
reached. In addition, it is prominent that the ratiometric ther-
mometry can eliminate variations that affect the accuracy, such
as geometry, source intensity, and light field. Thus, given the
linear relationship, SZOF:Eu®* has promising potential as a dual
emission sensor in the practical domain.

3.4 Mechanism of the dual-emission thermometry of
Sr; 5Zng ;Ce04F, »:Eu®*

It is known that the temperature-dependent luminescence of
a phosphor is attributed to its intrinsic energy level structures.®
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We, herein, first provide the interior mechanism that accounts
for the thermal quenching properties of the Sr; ;Zn, ;CeO4F »:-
Eu®" dual-emission sensor. Generally, configuration coordinate
models (CCMs) are used to qualitatively interpret temperature-
dependent phenomena. The CCMs of Ce** and Eu*" are plotted
in Fig. 7. As shown in Fig. 7(a), the Ce**-0*> (C-O) charge
transfer state (CTS) intersects with the ground state of Ce*" at
point A. With an increase in temperature, electrons in the excited
C-O CTS are thermally excited to the intersection point A and
then non-radiatively return to the ground state (GS), resulting in
the thermal quenching of Ce-O CTS. For the Eu**-0*>~ (E-O) CTS
shown in Fig. 7(b), not only does it cross with the GS of Eu®* at
point B, but it also interacts with the three excited states *D,, °Dy,
and ®Dj at point C, D, and E, respectively. Similar to the motion of
electrons in C-O CTS, when the temperature of the sensor
augments, electrons in the D, excited state non-radiatively
return to the GS via the path “°>D, — E-O CTS — GS”, which
contributes to the thermal luminescence quenching of the *Dg
state. However, for electrons in the °D; and °D, excited states,
some of them might experience similar thermal quenching
mechanisms, “°D; — E-O CTS — GS” and “°D, — E-O CTS —
GS”, as that in the excitation state of the D, energy level, whereas
some of them might originally cascade to the lowest excited *D,
state via two approaches, “°D, — E-O CTS — °D,” and “°D; —
E-O CTS — °D,”, and then go through the same route as that in
the °D, state. The radiative emissions of C-O CTS and Eu®" are
competitive with the corresponding non-radiative thermal
quenching. At low temperature, luminescence dominates,
whereas at high temperature, thermal quenching is dominant. As
the temperature increases, the energy of the phonons increases,
which leads to the predominance of thermal quenching. This is
why at higher temperatures there is little luminescence emitting
from the activator. Nowadays, it is imperative to explore sensors
with higher thermal quenching temperatures (7). Herein, we
provide a definition for Ty, which is the temperature at which the
integrated luminescence intensity is 50% of its original value
referring to the integrated intensity at RT.*> Hence, in terms of
the definition point of view, the T value of 367.5 K for the sensor

—.g 30|
g
— 20
Y
£ )
=
| a5
 (a) Ce* (4f) (b) Eu™ (4f°)
Ar .

Fig. 7 Configuration coordinate models of Sr;7ZngsCeO4Fq :Eust.
C-O CTS and E-O CTS represent the Ce**-02?" and Eu**-0%"
charge transfer states, respectively. AE, AE(°Dg), AE(°D,) and AE(°D,)
represent the thermal activation energy of emissions from the Ce-O
CTS and Dy, °D; and °D, excited states of Eu®*, respectively. GS
indicates the ground state of Ce** or Eu®*. A, B, C, D, and E stand for
the corresponding intersection points.
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can be deduced from Fig. 5, which needs to be further improved
to meet the practical requirement.

Although the above description states the reason leading to
the thermal quenching of the luminescence, another essential
challenge arises, which is, why should St; 7210 3Ce0,F, »:Eu®* be
considered a dual-emitting thermometric sensor. According to
previous reports, there are three general scenarios by which dual
emission sensors in the broadest sense have been achieved and
further categorized by the extent of population transfer between
the two luminescent excited states.®® In addition, the reports
about the Eu**-doped Sr,CeO, phosphors studied before deter-
mined that the effective energy transfer is from C-O CTS to
Eu’*.%%% Therefore, the presently reported Sty ;Zng 3Ce04F, ,:Eu*
dual-emitting thermometric sensor can be categorized into the
second scenario: the involved two optical centers are coupled
electronically such that the energy transfer occurs from one
emitter (the donor) to the other (the acceptor) and emission can
be observed from both the donor and acceptor due to the same
time scaled occurrence of the energy transfer and the donor
luminescence. As we reported before, the predominant energy
transfer from C-O CTS to Eu" is considered to be of the dipole-
dipole interaction type, which supports theoretically the ratio-
nality of the use of Sr; ;Zn, 3Ce0,F, ,:Eu®" in the dual-emission
sensor. However, the difference between the presently reported
sensor and previously reported sensors is that there is a slight
overlap between the emission from C-O CTS and that of Eu®",
However, due to the same principle, the slight overlap may not
influence the measurement of temperature. Overall, the reported
Sry.,Zno 3Ce04F, ,:Eu®” phosphor has tremendous potential for
use as a dual-emitting thermometric sensor in the practical field.

4. Conclusions

A novel dual-emitting temperature sensor, Sry,Zn,;CeO,-
Fo.,:0.005Eu*", was successfully synthesized via a traditional
solid-state reaction. Powder X-ray diffraction patterns and
Rietveld refinement verify the phase purity of the sensor. Its
photoluminescence spectrum exhibits a pronounced intrinsic
dual emission divided by the wavelength of 570 nm: one stems
from Eu®" and the other is derived from the Ce**-0>" charge
transfer state (CTS). The temperature-dependent luminescence
spectra of the thermophosphor demonstrate the superior
sensitivity of the sample to the ambient temperature. Further
studies illustrate that the integral intensity ratio between the
aforementioned two parts, as a function of temperature, is
perfectly linear over a broad temperature window with proper
temperature sensitivity, yielding a convenient and accurate
approach to obtain the ambient temperature measured using
the noncontact self-referencing mode. We also investigate the
basis of the underlying mechanism of Sr; ;Zng ;CeO,F, ,:Eu®”
for use as a dual-emission thermometric sensor. The research
herein demonstrates that the intrinsic dual-emission sensor, as
a new-fashioned thermo-sensor, enables the attraction and
potential for ratiometric optical thermometry domains. We
hope that this methodology would provide insight for other
systems to further improve thermometry.

This journal is © The Royal Society of Chemistry 2017
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