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Abstract

In this paper, a series of B Yb3* and E#*/Yb3*/Ho®** codoped LeCaZnQ (LCZ) upconversion
(UC) phosphors were synthesized by the combustarer The UC emission from LCZ
phosphors, codoped with fixed¥rHo?**, and various Y¥ concentrations has been investigated.
The structural and upconversion properties of frehesized phosphors were studied in detail.
Under 980 nm laser excitation, the codoped sangblewed green UC emission that consisted of
three well-known emission bands centered at 522 a@dl 672 nm generated by &l 12115/,
1Ss1—*1152 and*Fo2—?l152 transitions of B ions, respectively. The emission intensities efth
bands have been enhanced sufficiently on codopingd' ions in the LCZ: Et* system. An
effort has been presented to explain the enhandaemmehe basis of a power connection study and
an energy level diagram. The luminescence lifetohéhe green emission of the LCZ samples

with different codoping were also recorded and ipocated to explain the energy transfer
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mechanism. The strong temperature dependence élubeescent Intensity Ratio between two
green emissions makes the material suitable fopéeature sensing purposes and it is also suitable
up to high temperatures of 500 K. A relatively higimperature sensor with good sensitivity
0.00625 K! was found from the observed results. An increm#n6% for the sensitivity is
observed over the existing LCZ phosphor after cphtlp with HG**. These results indicate that
Er**/Ho®*/Yb3* codoped LCZ material is an effective UC phosphod anay be a potential

candidate for high-temperature sensors.

Keywords. Rare earth doped phosphors; upconversion; terypers¢nsor, optical heater, power

dependence; FIR Sensor sensitivity.

Introduction

Rare earth (RE) ions doped upconversion (UC) nalsanave been the subject of scientific interest
due to their significant applications in a varietiyfields such as, display devices, temperature
sensors, solar cell, bio-imaging, optoelectroniesicks, finger print detection, €t€.Among all
these applications, RE-doped UC phosphors basqektamure sensors are drawing much attention
from the scientific community® The traditional temperature sensors are basedliguid and
metal expansion principle; that measure the tentperaluring the heat flow using an invasive
probe? Though, this strategy suffers from some limitasidgncluding spatial resolution, sensitivity
and accuracy of detection. This method is alsocapplicable in many places, such as corrosive
environments, coal mines, refineries, ¥t& To overcome these problems, temperature sensing
based on a non-contact temperature measurememigeehsuch as infrared (IR) thermometry,

Raman spectroscopy, and luminescence can be impledi€!! One practical approach to
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measuring the temperature of RE-doped UC matesallse fluorescence intensity ratio (FIR)
technique. This method is based on the temperatumeection of the FIR between two thermally
coupled levels of RE ions as a function of extetealperaturé®*?FIR, in context, is of particular

importance for better accuracy, high sensitivitgt amlependence of the measurement condifions.

12

In the last decades, attention has been attraoteatds the ternary oxides REZOs (RE = rare
earth, M = Ba, Ca, Z = Cu, Zn) based UC and down+ecsion material$® REEMZOs based hosts,
in context, are of certain significance due to rthexcellent structural, physical, chemical,
magnetic, optical and superconducting propertiés.[liminescence properties ohBaZnG and
GdBaznGs activated with E®f, Th** and Tni* were reported for the first time in the year of
1985139 Thereafter, significant research efforts have bdeacted towards the luminescent
properties of RE doped BaRFOs phosphors synthesized by various methdtid% The optical
and luminescent properties of dGaZnQ host doped with different RE ions have been

investigated mainly for down-conversiéh.

The YbB** ion was demonstrated to be an attractive sensftizeRE®* ions in various hosts with
not only the improved luminescent intensity bubalsdened excitation spectruhThere are some
well-known combinations of the photon energie$-EYb®*, Ho**~Yb**, and Tni*~Yb**. These
combinations were extensively studied by variout@ns in a significant number of hosts due to
their potentiality conversion of the NIR light intgsible light. The UC properties of the RE doped
systems LgBaZnGs and GdBazZnOs have been investigated by Birkel and coworkeRecent
results suggest that the sol-gel deriveddaZnG: Er*-Yb3* phosphor is an efficient green UC
phosphoi® They have also studied optical thermometry intéraperature scale of 298-513 K

adopting the FIR technique. But, the internal hmeain the material and optical heating generated
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by the laser excitation has only been rarely dbedfi’?It is worth mentioning that, the interaction
between the electron and phonon could be improyeatéeffect of quantum confinement among
phonons, which results in internal heat generaioorystalline phosphors. Therefore, internal
heating must be prominent for nanocrystalline sdfilHowever, the optical heating is related to
the interaction between phosphors and the exaitamurce. When any phosphor material is
exposed to the laser irradiation, some portion hef &bsorbed photons in the phosphor is
transformed into heat energy via nonradiative pgses owing to which the material gets heated
optically!’c The nano thermometry behaviour by using the gegeissions from EFf ions in the
Er¥*-Ho**-Yb3* triply doped LaCaZnQ (LCZ) phosphors upon NIR excitation have not been
investigated at this stage. Moreover, recentlyrethie a rising interest in the development of
temperature sensing technique that is based omitimation of fluorescent nanomaterials or
nanoparticled®1° Vetrone et at? reported that the fluorescent NaYEr*, Yb** nanoparticles
can be utilized as nanothermometers. They havheiustated that the ratio between the green
emissions bands of the Erion offers an optical system that in terms regul@mperature
distributions in liquids using confocal fluorescen@his opens up the possibility of creating®RE
ions doped UC nanomaterials that can act as thepnoddes with interesting applications in

biosensors, fluorescent imaging, and therapeutigqaes, etés-20

In this work, we have focused on the;CaZnG host doped with lanthanide ions &bHo**,
Er®*) for strong green and red UC emission properf@sattempt has been made to increase the
UC and optical heating performance of the previpusported YB*, EF* codoped material for
optical temperature sensing by changing the syigtoemdition and the addition of another co-
dopant!® In this paper, we produced LCZ:38Ho%*"/Yb** UC phosphors via solution combustion

method. Control of crystallization in the phosphesss studied by X-ray diffraction (XRD). The
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UC emission characteristics of the synthesized maddehave been studied upon 980 nm diode
laser excitation at room temperature. The effectagfing and the mechanism involved in the UC

process has been studied in detail. The coloreoirtfrared emissions of the codoped sample was
also tuned by varying the laser power. Meanwhite, temperature sensing behavior of the

synthesized phosphor has been studied by using@fiRo thermally linked levels of the central

UC emission band against 980 nm excitation.
Experimental section

Synthesisof LaxCaZnOs: Er3*, Ho*, Yb3* UC phosphors

The LaCazZnQ: Er®*, Ho**, Yb3* UC phosphors (2 mol% Er 2.0-20 mol% YB*, 1 mol% Hd",
respectively) were synthesized via solution combustoute. Analytical reagent (AR) grade
lanthanum acetate §8sLa0Os, 99.9%), calcium nitrate (Ca(N, >99%), zinc nitrate (Zn(Ng)»,
97%), erbium nitrate (Er(N§s, 99.9%), holmium nitrate (Ho(NgR, 99.9%), ytterbium nitrate
(Yb (NQs)3, 99.9%) and urea (CO(Nb, >90%) obtained from Sigma-Aldrich were used &s th
starting raw materials. These materials were takéine required stoichiometric ratios and mixed
properly with deionized water under vigorous stigricondition. When the transparent solution
was obtained, the proportionate amount of ureaadal®ed to the solution and the solution was
stirred for 20 min. Then the solution was trangdiin an alumina crucible and kept in a preheated
furnace (500 °C) for about 10 min. Within this tintlee auto combustion process took place, and
a very porous voluminous mass of the powder wasddr The resultant powder was then calcined

at 800 °C for 1 h.

Characterizations
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X-ray diffraction (XRD) patterns of the as-prepapdtbsphors were recorded using a Bruker D8
Focus X-ray diffractometer. The scanning electrdoroscope (SEM) analysis was carried out
using a Shimadzu SSX-550. The UC emission andrliietneasurements were performed using
the home built setup with a 980 nm laser sourcee €mitted light was dispersed into a
monochromator coupled to a photomultiplier tubetigh the appropriate lens system. The sample
was heated in a home-made furnace and the temperasis controlled by varying the voltage.
The temperature was measured with the help ofilaratéd thermocouple located in contact with
the sample for the temperature sensing investigaiibe sample holder along with the sample
was kept for 5 min at a constant temperature unisssemperature was stabilized for the
upconversion. A common thermometry unit based asphors has been illustrated in Scheme 1
schematically. An excitation source (such as LE&sers or flash lamps) is used for the excitation
of the phosphor which is attached onto the surfdigeterest. The resultant emission light passes

through an optical filter and is collected in aadatquisition system via an emission detector.
Results and discussion

Structures of the prepared samples

To examine the structure of the LCZ phosphor, tiece of EFf*-doping, E#*/Yb%* and
Er**/Yb3*/Ho**-codoping in the crystal lattice and to identifg thhase, XRD patterns of the UC
phosphors were recorded and are shown in Fig. & XRD peak matches well with the LCZ
phase as reported elsewh&d&he XRD pattern varying dopant and codopant shHoesvsame
behavior indicating the invariance of the crystalicture after doping and codoping. The crystal
system of the prepared samples was identified@sagonal structure with space group P 4/mmm

(no. 123) having lattice parameters a=b= 7.083¢A11.884 A andi=p=y= 90°. It is evident
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from the existing literature that the iso-structuseich as Bal2nOs and BaNdZnGOs derived via

the sol-gel method follow the same tetragonal biinal?® 142 16
Structure formation and unit cell

Rietveld refinement of long scan XRD patterns adeed LaCaZnQ was carried out and a part
is shown here in Fig. 2(a) in the range~ 20°- 80fe refinement was carried out by FullProf
software using the XRD data. The experimental diffion data is shown by black line. The “x”
marks represent the simulated diffraction data. Bllae line indicates how much the calculated
data deviates from the original values. If thilwill be straight it will be perfect matching. time
present case small noise in the blue line indiagoesl matching for this refinement. The eminence
of refinement can be quantified by some factorsioled during refinement known as reliability
factors. Reliability factor includes factor for thesighted pattern (i), factor for the pattern (R

and the goodness-of-fit indicator (s). For godthesnent, B and R, must be less than 10% and
s must approach to unity. In the present casgdtemeters were found to be well within the range
of a good fitting as summarized in Table 1. Thénested reliability factors verified that the pure
phases were obtained without impurities. The cltysystem of the prepared samples was
identified as a tetragonal structure with spaceigi® 4/mmm (no. 123) having lattice parameters
a=b= 7.0837 A, c= 11.884 A ang=p= y= 90°. The structural parameters obtained from the
Rietveld analysis of the k&aZnG phases are listed in Tables 1. The refined stralgparameters
show good agreement with the previous wétk.13" 142 16 he structure of the undoped LCZ was
estimated via the VESTA software using the dataiobt from the Rietveld refinement as shown
in Fig. 2(b). The crystal structure ofd@aZnQ is composed of three polyhedral LeGaQo and

ZnOsand the composition of three different polyhedradsematically shown in Fig. 2(b).

UC emission study
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The UC of the as-synthesized LCZ2#¥b3* phosphors were recorded as a function of different

Yb3*-codoping concentrations and the correspondindteeare shown in Fig. 3.

As shown in Fig. 3, three sensitized UC emissiomdsecentered at 523, 548 and 672 nm were
observed in the case of 2 mol%*Edoped LCZ phosphor. These bands correspondeceto th
transitions of B ions:2H11/2 — 4l1sp, *Serz — 4l1s2 and*Forz — 4lisp, respectivelyts: 21-22 With

the increase in Y& concentration the UC intensity was seen to inereas at the concentration
of 2 mol% E?* and 5 mol% of YB the UC intensity reached a maximum. When the
Yb3* concentration was incorporated and increasedyrisen and red emission of°Eincreased
significantly, suggesting the appreciable energggfer process between sensitizers*{)tm the
activators (E¥*). The YB* ion has a pretty long absorption energy levedf—2F7;2) at 980 nm
excitation wavelength. Therefore, upon excitatioth®80 nm, apart from excited state absorption
(ESA), an adequate energy transfer (ET) froni*fb EP* could be conceivable due to spectral
overlap between the ¥btransition offFs>—2?F72 and that of Ef absorption energdf112—%115,
which significantly increased the UC intensity. 38 clearly shown in the energy-level diagram

explained later. The digital image of the greeroaokemission is shown in the inset of Fig. 3.

Figure 4 shows the UC spectra of LCZ: 2 mol%'Es mol% YB*, LCZ: 1 mol% HGS*/ 5 mol%
Yb3* and LCZ: 2 mol% E¥/ 1mol% HJd*/ 5 mol% YIB** phosphors. It is obvious that the green
emission was more intense in the triply doped sartiin that of other samples, which indicates
efficient energy transfer between %pErP* and H&* and the energy transfer mechanisms will be
discussed later. The enhancement of UC emissien @ftdoping with H¥ has been reported in
other paper$3?*To confirm the energy transfer phenomena the tifetof the green emission of

the LCZ samples with codoping ratio Er: Ho: Yb a%:0, 0:1:5, 2:0:0, 2:0:5 and 2:1:5 were
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recorded and are shown in Fig. 5. The resultingagleurves were found to follow the double

exponential nature as per the following equatféh:

—_ -t/1; -t/7,
I(t)=1,e""+I,e (1)

wherel(t) represents the intensity of luminescence at acpéat time, andr: andr. are the short
and long lifetimes that correspond to the intensitgfficientsl; andl,, respectively. The average
lifetime was then estimated using the forméf zay = (i + 1202 / (lama + low2). The
multiexponential decay response designates tharingeneous dispersion of the doping ions in
the host material pointing to the change in thalleoncentration or the shift of excitation energy
from a contributor to lanthanide activaté?3However, the green emission lifetime increaseer aft
the codoping of Y# in both the doping separately. In case of triglpidg phosphor, the lifetime
was obtained to be a maximum of 8% This phenomenon confirmed the presence of BT fro

Yb3*to ER* Ho®** in the present host matrix.

In this research, it is proven that ¥y b3*/Er** and E#*/Yb3* codoping samples are both suitable
for UC emission by pumping at 980 nm, but the yrigbped sample was even better. The close
vicinity of the individual energy levels of thederée ions make the energy transfer processes
possible. To understand the mechanism preciselyU@ieintensity was recorded of LCZ:
2mol%EP*/ 5mol% YIB* phosphor by varying the laser power (P). The isitgrwas seen to
increase with the increase in P as shown in Fig). &fig. 6(b) displays the similar increment
behavior of the UC intensity of the LCZ: 2mol%&rilmol% HJd*/ 5mol% YB* phosphor while

varying the laser power (P).

The variation colour coordinate of LCZ: 2 mol%&r5 mol% YB* phosphor with P is shown in

the Commission Internationale de L'Eclairage (CtBjyomaticity diagram of Fig. 7 (a). The



RSC Advances Page 10 of 43

similar variation of colour coordinate from the Ip&lish green region towards the deep green
region with the increase in pump power was als@tesl in the case of the LCZ: 2mol%&r
1mol% Hc*/ 5mol% YB* phosphor as is shown in Fig. 7 (b). It is weltegted that the
temperature has been changed by varying the @raitpbwer density, which in turn affect the
emission intensities and colors. In this presesgeaech, the above possibility has been examined
for LCZ: Er/ Yb and LCZ: Er/ Ho/ Yb phosphors by aseiring their emission colour and
corresponding CIE coordinates as a function oed#ft pump-power densities, as shown in Fig.
7. It shows that pump-power/temperature has afgigni effect on the chromaticity coordinates,
as a variation of colour coordinate from the yeikingreen region towards the deep green region
with the increase in pump power was observed ircése of the LCZ: 2 mol%EY 5 mol% Y+

and LCZ: 2 mol%EY/ 1 mol% HG* 5 mol% YB* phosphors as shown in Fig. 7 (a) and (b),
respectively. Such variation in the CIE or emiss@alour may be accounted for due to the
different saturation behavior of the green andemissions of Ef and HG* ions2°® The colour
changing property of the present UC phosphors thighvariation of power/temperature directly
indicated their suitability for thermometry applicas in which the emission of a phosphor need

to be modulated very precisely under temperatur@vens.

The intensity of the UC bandnmision) follows the relationt OP", where n denotes the

ermsson
number of incident photons involved in the UC eiiss'® 22-?2The n value can be determined
from the slope of the linear fitting betwekagl vs. logP as shown in Fig. 8. The straight line plot
for three different bands and the slope (n) for L2&@ol%E?*/ 5mol% YB* phosphors are found
as 1.79 and 2.02 for the green transitions at &2@ 548 nm, and 2.48 for the red transition at 672

nm as shown in Fig. 8 (a). In the case of LCZ: 2¢®Ff*/ 1mol% HF*/ 5mol% YB** phosphor

the n value was obtained as 1.51 and 2.05 for ribengtransitions at 522, and 548 nm, and 1.99

10
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for the red transition at 672 nm as shown in Figh)3 The n values are much larger than 2 and
revealed that two and three IR photons are involamgatoducing one green (548 nm) or red (672
nm) photon in this UC process, and the n valueskase to 2 in the case of the 522 nm band,

which indicates the involvement of two-photons lesaidy explained in the literatufé.

The energy level diagram showing the probable m@shaand population processes in LCZ:
Er¥*/ Ho**/ Yb®* UC phosphor is schematically shown in Figl%21-22The details of the different
energy transfer processes in the present system neported recentiff The involved possible
energy transfer mechanisms from3Yhand E#* to Ho*+ for the UC emission are discussed below
based on the energy level diagram showed in Figir8t, the’F. level of YB** is excited to the
%Fs2 level by ground state absorption (GSA) when tmegga is pumped by 980 nm laser and then
can transfer their energy to the ¥t®®ls and E#*: “l11/2 levels. GSA can also occur for3Er#l s/

— 41172 when pumped by 980 nm laser. However, compared tié ground state absorption of
Ho®*/ Erf*, Yb** ions possess a larger absorption cross-sectiBBahm and ion concentration,
and energy transfer occurs efficiently as a restthe large spectral overlap between thé*Yb
emission?Fs—?F72 and the B absorption*lisi2>—*l112 (ET1) or HG* absorption®ls—°lg (ET2)
bands. Because the energy gap (1040)afithe ET2 process is larger than that (432 cof the
ET1 process, the energy transfer efficiency of ETléxpected to be higher than that of ET2. Thus,
ET1 can promote the Erion from the*l1s>-*11/2 State, and if the latter is previously populated,
the EF* ion may transit from théli1» to the*F72 and from*F72 to “G112 states. Succeeding
nonradiative relaxations could fill tRel11> and*Ss/» states that are the emitting levels for the green

luminescence.

The*l112 states of B ions could be eliminated by an alternative reliaxaprocess tdl13/2 states,

which may be further stimulated to the red emitlengels*Fo2, and the identical transition to the

11
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ground statélis» gives red emission. In case of the*Himn, ET2 populated théls state of the
Ho3* ion which further promote the Bbion from thels —F4 state and theFs state is the emitting
levels for the green luminescence. If fiestate of the HY ion depopulated by a nonradiative
relaxation route to thel; state, it can be excited to thies state of the H¥ ion which is the red

emitting level.

But due to the stronger UC emission of*HBrP*/Yb3* triply doped sample compared to other
codoped samples, it can be inferred that therearey some energy transfer process between the
Er** and HG* ions. The spectral overlap between thé* Emission*Sg>—*1152 and the H&'
absorption®F+—°lg supports this conclusion. When #Hdon is codoped in the LCZ: Er/ Yb
phosphor, the density of theEions increases in tH&s2 level and hence the green (=548 nm)
emission increase¥’ 232“The possible energy migrations betweeri*Hmd E#* can be verified
via a comparative UC emission spectra of LCZ: By/ ¥CZ: Ho/ Yb and LCZ: Er/ Ho/ Yb, as
shown in Fig. 4. Substantial increase in the greshintensity @asnnfls72nn) ratio from 1.78 to
2.36 with the incorporation of Hbin LCZ: Er/ Yb directly indicates the possible emetransfer
between E¥* and HG*. Now, the energy transfer process fromPHo EF* in LCZ: Er/ Ho/ Yb
phosphor can be clearly confirmed from the lifetiamalysis. The decay time for the 548 nm green
emission were estimated to be 109, 113 andus3or LCZ: Er/ Yb, LCZ: Ho/ Yb and LCZ: Er/
Ho/ Yb, respectively. As illustrated Fig. 5, anr@ment in the decay time for LCZ: Er/ Ho/ Yb
could be due to the energy transfer process froft ko EF*. Nevertheless?Ss>—*152 and
4F9—4152 transitions (548 and 672 nm, respectively) of*Ems are significantly overlapped
with that of%S,, SF4—°lg and°Fs—®lgtransitions (546 and 661 nm, respectively) ofHons, as

illustrated in Fig. 9. Owing to such overlappingolpabilities of energy transfer from Etoand

12
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Er** enhanced. Therefore, it is predicted that suchggreansfer phenomena may enhanced the

green emission intensity and its life time in L& Ho/ Yb.
Temperature sensing ability

The temperature sensing study of UC emission spetthe green bands from 300 K to 573 K of
Er¥* Yb3* codoped) and Ef/ Ho®*/ Yb®* codoped (triply doped) LCZ phosphor have been
performed with 980 nm excitation and are shownigsF10 and 11, respectively. From both the
figures, it is observed that on increasing the danm@mperature, the band positions remain
unchanged, but the integrated intensity of two igrieands changed in a reverse way. At room
temperature (300 K), the intensity correspondintipé3H112—*l15/2 transition was lower than that

of the *Ss»—*l152 transition. While at a higher temperature (573 #g reverse effect was

observed.

This variation in the intensity of the two bandattincreased their intensity ratia{dnlsasnn) as
a function of temperature was caused due to thegehim their relative populatiofi.The ratio is
called the Fluorescent Intensity ratio (FIR) anel wariation of FIR with temperature for both the

sample is shown in Fig. 12.

As, the population of these two thermally coupkeekls follows the Boltzmann’s distribution, the

FIR of these transitions can be used for opticairttometry via the relation:
FIR = Is22/Is4g = C exXp(AE/KT) (2)

where §22 and bag are the integrated intensities corresponding édH1/>—*l15/2 and
4Ss2—*152 transitions, respectively; C is a pre-exponermtiaistantAE is the energy difference

between théH112 and*Sz2 levels; k is Boltzmann’s constant and T is theohlis temperaturé.

13
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The linear conversion of equation (2) can be writie
In(Is22/1s48) = - (AE/K)(1/T) + In(C) 3

The corresponding energy differens& can be calculated from the slopeE(k) of the linear
fitting of In(Is2snndls4snm versus 1/T plot as shown in Fig. 13. The fittafghe experimental data
gives a slope of about 640.53 and 1168.85 for ced@md triply doped phosphors respectively
and resulting in an energy differena& of about 444 and 810 chi® The performance of the
temperature sensor generally depends on the fagurerit of the sensing behavior. The figure of
merit includes different parameters such as absdansitivity (9, relative sensitivity ($ and
the resolution. The absolute sensitivity is defimsdhe variation of the FIR or lifetime (for two

approaches) with respect to temperature and isespd &8
S=dR/dT = FIR(AE/KT?) 4
whereSis the sensor sensitivity and the other terms tiaeie usual meaningds.

The absolute sensor sensitivity in the present sasecalculated for the FIR measurements and
was obtained as 0.0029 and 0.0047 & 300 K for the codoped and the triply doped phoss,
respectively and then increased with the rise mperature. The maximum sensitivity was
observed as 0.0036 at 348 K for the codoped phosphereas 0.0067 at 398 K for the triply
doped phosphor. The sensitivity value was higheéhécase of the triply doped sample. This is
because after codoping of Fpthe Boltzmann population of the3Eion increased in théSs,
state. Therefore, the intensity ratio between téuestition fron?H11, and*Sg/» state to ground state
as well as the FIR were modified, which affected sensitivity?’ As illustrated in the energy
diagram (Fig. 9), UC initiates through ¥isensitizer excitation and ET to*Eand Hd*ions and

consequently favors the simultaneous inter-ion Effvben E¥* and H&*ions. Moreover, excited

14



Page 15 of 43 RSC Advances

state absorption (ESA) and cross-relaxation (CB}gsses in both Erand H&*ions significantly
improve the UC efficiency. Now, as we know tha tamperature sensitivity is depended on the
FIR which is defined as the intensity ratio of #mission intensities centered at 525 nm and 548
nm. Due to the incorporation of Ho in the Er/Yb opdd system, this ratio has been changed and
it is found that the FIR values of Er/'Yb/Ho codomsdtem changed more systematically owing

to which the sensitivity was increased.

With the further increase in temperature the setityidecreased for both the cases. The variation
of absolute sensitivity with temperature for FIRaserement is shown in Fig. 14. This figure
shows that the sensitivity increased after codopingo®* in the LCZ: E#*/ Yb®* phosphor. The
relative sensor sensitivity is the normalized abisosensor sensitivity with respect to the measured

value. The equation 5 is used to calculate theivelaensitivity as per the following equati&h:

29

S = ‘i AR 100%
FIR oT (5)

Fig. 15 indicates that the relative sensor sersitivalues decreased with temperature in the
measured range. However, the values are sensgiighihan the reported over the examined large
temperature range from room temperature to theehiggmperatures. This behavior indicates the
suitability of this material as an attractive hostthe operation of electronic devices for
temperature sensing purposes. The maximum relaémsor sensitivity value is 0.71 %dKand

1.52 % K at 300 K for the codoped and the triply doped phoss respectively.

The effect of H&" concentration on the experimentally estimated iteityg was determined for
the 300- 573 K temperature range and the variatidhe maximum relative sensitivity at 300 K

with Ho** concentration is presented in Fig. 16. The figmews that with an increase of the3tHo
15
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ions amount from 1 to 9 mol% the relative sendifidecreased exponentially from 1.52% #
0.28% K!. This effect can be explained via the energysiemphenomena between Hdons.
With the increment of H9 concentration, the cross relaxatiéRals] — [°15,%17] between Hé"
ions starts which leads to lowering of fity1/> state population of Ef and hencéHi12 — 41512
emission intensity. The probability of this enenggnsfer increases with the reduction of the
average distance between these ions connectedfdfresrthe cross relaxation process will affect
the changes of FIR and hence the relative sertgitiMarciniak et af°® has observed the similar

behaviour in the case of Er: LiYhB12 luminescent thermometer.

A comparison of relative sensor sensitivity valne ghe temperature range between the recently
developed Lf phosphor based inorganic nano-thermometers is suizgd in Table 2 and it
indicates that the relative sensor sensitivity gadlu case of the present phosphor is among the

highest.

Temperature resolution is also an important fatdarharacterize any temperature sensor devices
and can be defined to the minimal detectable sighahge. The standard deviation data of

residuals in the fit of the experimental FIR dadangs with temperature and the absolute sensitivity

were used to estimate resolution as the methodridedcby Brites et af and the estimated

resolutions of FIR temperature sensing is showrign17.

Both the curve follows similar behavior and it isserved that the FIR measurements for the
codoped phosphors provided better resolution coaaparthe triply doped sample. The resolution
values in both the cases are very much lower tikaaver a large temperature range from 300 K
to 573K. The maximal resolutions were obtained2& R for the codoped phosphor as 0.105 K
and at 425 K for the triply doped sample 0.115 Ke Tomparative sensitivity data and resolution

behavior of the LCZ: Er/ Ho/ Yb phosphor with th@er phosphor indicates the suitability of this
16
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material for temperature sensing application. Simgtudies have been reported by Li and co-
workers for sol-gel derived ¥B-Er¥* co-doped LeCazZnQ phosphors, with a sensitivity of 0.0059
K1 at 483K But the FIR at 483K is about 1.15. This indicates Sr value is about 0.51 %K
Similar studies were also carried out by variouhans for different materiaf!’ In the present
case for the sample LCZ: Er/ Yb the sensitivity whserved as 0.0036%at 348 K. This value
has increased by above 69% after codoping df Hehich is about 7% greater than the reported
one. The obtained relative sensitivity is highexrrtihe reported. And also, the resolution is very
much lower than 1 K over a large temperature rdraga 300 K to 573K. The results imply that

the studied UC phosphor is superb for temperatemsisg applications.

Conclusions

In summary, a series of EfYb3* and E?*/Ho*"/Yb3* codoped LeCaZnOs phosphors were
prepared by the combustion synthesis method. Tystatrsystem of the prepared samples was
identified as a tetragonal structure and the dopinBE ions did not affect the crystal structure.
Under the laser excitation of 980 nm, thé*Efb3*-codoped sample exhibited strong green and
red UC emissions frofH11/2, 4Serz—*1152 and*Fe2—411512 transitions of EY* ions, respectively.
The enhanced UC emission after codoping of*ias explained on the basis of energy exchange
mechanisms between®rHo** and YI5*ions. Power dependence studies infer that the Wdda
arose through a two/ three-photon absorption psocdhe high corresponding sensor
responsiveness over a broad temperature range lavige temperature resolution make the
phosphors suitable for future applications in themmtry. The FIR technique was used to measure
the sensitivity of the synthesized temperature @snsnd it can be concluded that at 400 K the

obtained phosphors shows a relatively higher seitgiiand resolution over the existing one.

17
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These data indicate the suitability of LCZ:3#rHo*"/ Yb®* phosphors for temperature sensor

applications.
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Figure captions:

Scheme 1: Schematic diagram for temperature sensing.

Fig. 1 XRD pattern of LCZ phosphor with varying RE contation.

Fig. 2 (a) Fitted (x) and original (black line) powder RRpattern of LaCaZnG phosphors and

residuals (blue line in the bottom) for the struettefinement by the Rietveld method using the
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EXPO Program. (b) Schematic diagram of theQaZnG complex structure drawn by VESTA
software.

Fig. 3 UC spectra of LCZ phosphor with varying Er/ Yb centration.

Fig. 4 Comparative UC spectra of LCZ phosphor with vagyir/ Ho/ Yb concentration.

Fig. 5 Decay intensity as function of time of the greamssion of the LCZ samples with
different codoping ratios.

Fig. 6 Variation of UC intensity with the increment okthaser Power for (a) LCZ: Er/ Yb and
(b) LCZ: Er/ Ho/ Yb phosphors.

Fig. 7 Variation of colour coordinates with the incremeht.aser Power for (a) LCZ: Er/ Yb
and (b) LCZ: Er/ Ho/ Yb phosphors.

Fig. 8 Dependence of UC intensity with pumping Powen&rLCZ: Er/ Yb and (b) LCZ: Er/
Ho/ Yb phosphors.

Fig. 9 Energy level diagram of Er, Ho** and YI3* ions for various emissions of the CazZnQ
phosphor.

Fig. 10 Variation of UC spectra with temperature forCazZnQ: Er**/Yb3* phosphor.

Fig. 11 Variation of UC spectra with temperature forCazZnG: Er**/ Ho**/ Yb®* phosphor.
Fig. 12 Variation of FIR value of the green emission inA.Bost with different doping as a
function with temperature.

Fig. 13 Variation of FIR value of the green emission ia ttCZ host with temperature.

Fig. 14 Variation of absolute sensor sensitivity of thed ghosphors with temperature.

Fig. 15 Variation of relative sensor sensitivity of the Z@hosphors with temperature.

Fig. 16 Variation of relative sensor sensitivity of the Z@hosphors with Hg concentration.

Fig. 17 Variation of resolution of the LCZ temperature sanwith temperature.
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Table captions:

Table 1: Refinement parameter obtained from FullProf Safev

Table2 Comparative analysis of relative sensitivity amchperature range of the inorganic sensor

materials.

Heat
source
Emission
detector | *\
' Phosphor emission E 5

} C—

Temperature sensitive phosphor
on the surface of interest

Excitation source:
Datal Laser/ LED/
acquisition Flash Lamp

Scheme 1: Schematic diagram for temperature sensing.
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Fig. 1 XRD pattern of LCZ phosphor with varying RE contcation.
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Fig. 2 (a) Fitted (x) and original (black line) powder RRpattern of LaCaZnG phosphors and
residuals (blue line in the bottom) for the struettefinement by the Rietveld method using the

EXPO Program. (b) Schematic diagram of theQaZnQ complex structure drawn by VESTA

software.
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Fig. 4 Comparative UC spectra of LCZ phosphor with vagykr/ Ho/ Yb concentration
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Fig. 5 Decay intensity as function of time of the greemnssion (548 nm) of the LCZ samples with

different codoping ratios.
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Fig. 6 Variation of UC intensity with the increment oktlhaser Power for (a) LCZ: Er/ Yb and

(b) LCZ: Er/ Ho/ Yb phosphors
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Fig. 7 Variation of colour coordinates with the incremehtaser Power for (a) LCZ: Er/ Yb and

(b) LCZ: Er/ Ho/ Yb phosphors
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Fig. 10 Variation of UC spectra with temperature forCazZnQ: Er**/Yb3* phosphor.
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Fig. 11 Variation of UC spectra with temperature forCazZnQ: Er**/ Ho**/ Yb3* phosphor.
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Fig. 12 Variation of FIR value of the green emission inA.Rost with different doping as a

function with temperature.
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Fig. 13 Variation of logarithmic FIR value of the greenission in the LCZ host with inverse

temperature.
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Fig. 14 Variation of absolute sensor sensitivity of thed ghosphors with temperature.
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Fig. 15 Variation of relative sensor sensitivity of the Z@hosphors with temperature.
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Fig. 16 Variation of relative sensor sensitivity of the Z@hosphors with Hg concentration.
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Tables:

Table 1: Refinement parameter obtained from FullProf Safev

Element X y z Frac. occup.
La (8p) 0.17363 0.67363 0.0 1.00
Zn (4i) 0.0 0.5 0.25 1.00
Ca (29) 0.0 0.0 0.25 1.00
O(1) (1a) 0.0 0.0 0.0 1.00
0(2) (16u) 0.3519 0.8519 0.1376 1.00
a (A) 7.0837
c(A) 11.8848
Rwp, Ro, 2 7.36%, 5.89% and 3.92
Space group P 4/ m m m (tetragonal)
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Table2 Comparative analysis of relative sensitivity asehperature range of the inorganic sensor

materials.

S. Phosphor SatTm AT (Tm) Ref.

No.

1. UC Nps: E¥*/ Yb®* 2.3 293- 318 (318) 31

2. UC Nps: T/ Yb3* 0.2 293- 318 (315) 31

3. NaYFR: Er*/ Yb3* 1.0 298- 318 (298) 20

4. GdOs: EFY Yb3* 0.2 295- 1000 (600) 32

5. Fluoride glass: Et/ Yb3* 1.1 333- 375 (342) 33

6. ZnO: EFY/ Yb®* 0.6 273- 473 (273) 34

7. LCZ: Er/ Yb ~0.51 298- 513 (483) 16
(s=0.0059 K)

8. LCZ: Er/ Yb 0.71 300- 573 (300) Present
(s=0.0036 K) work

9. LCZ: Er/ Yb/ Ho 1.52 300- 573 (300) Present
(s=0.0067 K) work
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Graphical and textual abstract

A series of Er’"/Yb*" and Er’ /Ho>"/Yb’" codoped La,Ca,ZnOs phosphors were prepared by
the combustion synthesis method. The Er*'/Yb**-codoped sample exhibited strong green and
red upconversion (UC) emissions. The enhanced UC emission after codoping of Ho®" was
explained on the basis of energy exchange mechanisms between Er'/ Ho®" and Yb*" ions.
Power dependence studies infer that the UC bands arose through a two/ three-photon
absorption process. The high corresponding sensor responsiveness over a broad temperature
range with large temperature resolution make the phosphors suitable for future applications in

thermometry.
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