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ABSTRACT

The thermally coupled green band emissimm excitedEr** ions ha beenusedin the past to
createoptical thermometey by doping thematerialin varioustypes of media particularlyglases

Glassesare known to be excellent hesbr Er** ions however,high temperatures (>900 K) are

usually required fodopingtheseions irto glasesanda nonlineartemperature respongeoften

produced In this work the frequently encounterehlawbacks of glasbased temperatusensos

have been addressed l\evelopinga temperature sensareatedat a lower temperature (543 K)

by dip-coating chemically synthesizeghconverting nanoparticld&) CNP +NaYF4:(18%) Yi,

(2%) EF*) embedded ipolydimethylsiloxang PDMS) orto the tip of a P RSWLFDO ILEUH
create theactualfibre probe The sensor showan excellentlinear responsgR? = 0.991)over a

very usefukemperature rangef 295 K +473 K, with a sensitivity of 2.%103 K™, atemperature

resolution of £2.7 K and responséme of ~ 5 secondsAdditionally, a probe was investigated



wherea pure upconverting nanoparticle powder was coated on the tip of optical fibre and its
spectral andemperature responseasobtained (anaross compared witthat of UCNP-PDMS
compositg. The resultobtainedfrom the probe development woskowthatthe UCNP-PDMS
coated optical fibre temperature sendevelopecdffers abetter alternative tsmore conventional

Er¥* dopedglassbasedemperature sensgiis terms ofthethermal budgetthesynthesigprocess

and thesa® ofcoating creatingas a resulta verylineardeviceresponse.

KEYWORDS: Upconverting Nanoparticl@olydimethylsiloxaneQptical temperature sensor,

Optical Fibre Organicinorganic hybrid

1. Introduction
The importance of temperaturmaeasuremento industry can be judged from the fact that
approximately 780% of the sensors availalie themarke are temperature sens¢i$. Among
theavailablerange otemperature sensqigpticalfibre, fluorescencébasedemperature detection
is distinctive over conventionalelectricaly-baseddetectionfor a number of reasons, including
safety andmmunity to strayelectromagnetic radiatiorior example[2,3]. Optical fibre-based
temperature sensing devices using fluorescéoce a wellchosen, appropriateaterialrespond
well to the demand for reliable amolw-cost sensorseeded forugged environmentsuch as
monitoring oftransformersn atransmission griéndtemperature monitoring il refineries, coal
mines, electrical transport infrastructure anfire detection,where conventional measurement
techniquesnay not be safer subject to interferendd,5]. Opticalfibre gratingbased sensocsan
measure elevated temperasyrbut often useexpensive interrogatiosystems[6], whereasri
comparison fluorescence based detectioan provide alower-cost alternativesolution due to

relativelyinexpensive excitation and detection techniquiethe optical signals involveld].

The most commonly used downonvertingfluorescent materialgi.e. those where excitation <
emission) fOr temperature semgy areorganic dyeend quantum do{8,9]. However,organic dyes
frequentlysuffer froma phob-bleading effect, especially in the vapor phaaadthereforecannot
be used foextended periogl[10]. Further, nost quantum dotbased deviceBave problems with
cytotoxicity andoften useanexcitation wavelength ithe ultraviolet part of the spectrupwhere

prolonged exposuremay cause photodecomposition tfhe sample [11]. These problems



associated witklown-converting materiglcan be overcome by usiagother class of fluescent
materials know aspiconveating (UC) materialswhere astheterm upconversion suggeststhe
emissiorof the shortewavelengthresults fromabsoiption oftwo or morelongerwavelength{and
therefore less energetighotons By comparisorwith conventional nonlinear UC techniquasch
as simultaneous twgphoton absorptionand secondharmonic generationlJC is achievedby
sequential absption of two or moresuchphotons. Rare-earth(RE) group elemats (mainly Er*,
Ho®*" and Tni") are a naturalchoice for low pumpintensity UC because ofheir laddetlike
metastablesnergy bandsnaturally createdin the 4f" electronic configuratiordue to electnic
repulsionand spirorbit coupling[12 A4]. Furthemore suchRE®* ions basedon UC typically
exhibit large antiStokes shifts [14], sharp emission line$l5] and temperaturdependent
emissio, providedthetwo radiativeenergy levelfhiaveanenergy differencef between 200 cm
Land 2000 cm[16 A8]. Thepopulatiorsof thesethermallycoupled levels (TCLYelated through
the Boltzmann distributionprovide a natural ratiomeét temperature detecticapproachin that
wayreducing the influence of external conditi@mmsthesensor performanand creating an inbuilt
HUHIHUHQFW®RAKDQQHO

As can be seen from thiterature,Er** (or the combination oEr®* and Yb®*) has beerwidely
used as a dopanih varioustypes of glases, such as tellurite [23 25], fluorotellurite [26],
oxyfluoride [27,28], fluoroindate[29,30] chalcogenidd31] and fluorophosphatd32] glases
servingas the basis o¥arious fluorescencebased temperature sensor8 detailed reviewof
various upconversichased temperature sensmhemes has been produdgdZhaoet al in
recently published review papg83] . Since the doping of RE ions in glass is generally
performed inthe molten phasea high temperature environmefot the synthesis imeededwith
temperaturesisuallyrising to more tha 900 K). Furthermore, thexperimental arrangements
neededor the operation adeverabf the sensorseportedarerelativelycomplex(requiringlenses,
collimators, a bulky spectrometeetc.) andthusare expensive anslisceptible to environmeait
effects[23,26,28,31,32]makingthem less well suiteth be usedautside the laboratoryTo avoid
the problemshat are experienced wharhigh temperature environmeastusedduring synthesis
in this workanupconverting nanoparticle (UCNHpolydimethylsiloxane (PDMSgompositehas
beenexplored asthe basis of the sensor system itselbne that is created at much lower

temperatures (583 K) than glasses



The characterization afhese potential sensaraterials(prior to their incorporatiom the sensor
probeitself) is done using whera sample of thi’JCNP-PDMS composite wadip coatedbn a
multimode larger diameterpptical fibre (chosen to allow the maximum excitation light to be
delivered to the sensor head and light collected fromwvith an inexpensivg@ortable USBbased
spectrometer wassed to record fluorescencéhe use of optical fibralsoprovides thedvantage
of high signalto-noise ratio potentiallylong distance being possible betweéme pointwhere the
sensings occurring(particularly valuable in applications such as miniagjloffering reliability
of performancen corrosive & harsh environmesi34]. Since, itwasnot possible to dope RE
ions directly into the PDMS, a hexagonaphasedUCNP (NaYFs: (18%) Yb%*; (2%) Er*")
compositewasusedas the basis of the sensor materighis approackvaspreferred ovethe use
of other UC nanopartiel materialsoecausef their high UC efficiency[35]. Similarly, PDMS
waschosenover other polymerbecausef its goodchemicalstability, resistance tavater, low
cost andgood optical properties in the visibtear infrared (NIR) region (such as high
transparency and low autofluorescefi@e]). Moreover,PDMS showsgood adhesiomo glass
which furthersimplifies the coatingrocess ontmptical fibres andthusincreases théfetime of

thesensorcreated

In this paper UCNP has been chemically synthesizading a solvothermal methodnd its
fluorescencemissiorhas been explored and recordedhree different mediae. in a non-polar
solvent(cyclohexane)in powder andn PDMS. Following that,the UC powderitself andthe
UCNP-PDMS compositemateriat created havédseen coated @o multi-mode optical fibreto
form the basis of théemperature sensodesigned ready for evaluation. The optical fibre
thermometeschemeshus developed has been characterizedagjfigure of merit ffor the sensa
obtained. This has been designed to erakrosscomparison of key parametersore easythe
figure of merit hasbeendeterminedrom the data captured othe temperatureelatedchange in
the ratios of the integrated emission intensities of the two green emidséons from the Er**

ions

2. Experimental Section

A. Chemicalsand Reagents
For thechemicalsynthesis othe UCNP, thefollowing chemicas were usedYttrium(lIl) chloride
hexahydrate (YGIBH.O; 99.99% Acros Organic$, Ytterbium(lll) chloride hexahydrate



(YbClz BH20; 99.90%; Acros OrganigsErbium(lll) chloride hexahydrate (ErBH20; 99.90%;
Sigma Aldrich), Ammonium fluoride (NH4F; Acros Organicg Sodium Hydroxide
(NaOH, 97+%; Sigma Aldricjy Methanol(Analytical Grade, Fisher ScientijicEthanol HPLC
grade; Fisher ScientificOleic acid C1sH3402; 90%; Sigma Aldrich 1-OctadecenelisHzs; 90%;
Sigma Aldrich), Cyclohexane @sHi2; > 95%; Acros Oganicg, and d#ver conductive paint
(Electrolube) PDMS (SYLGARD 184)was purchased fromowsil. All chemicals were used as
received withouanyfurther purification.

B. Thermometer Mterials Characterization*instrumenation used

The transmissionelectron microscope (TEM) imaipg was done using aModel JEM-101Q
operatingat an accelerating voltage of 80kVLhe hydrodynamic diameteof the UCNP was
calculated usinga Zetasizer Nano ZEN 360(Malvern Instrumerd). The attenuatedtotal
reflectionFourierTransforminfraRed (ATRFTIR) speata wereobtained using a Perkin Elmer

Frontier Spectrometer.

C. Synthesis of UCNP & UCNPDMS mpoges

The hexagonaphaseUNCP usedin this workwas chemically synthesized usiagolvothermal
processby slightly modifying the proceduradescribecelsavhere[37]. In summary0.8 mmol of
YCl; 8H,0, 0.18 mmol of YbClz;8H,O and 0.02mmol of ECl,8H,0, 15 ml of 1
octadecanéacting as solven@and 6 ml of olas acid (acting as surfactantyereaddedto a50 ml
threenecked roundottom glass flask Heating was applietb the above mixture, taking it to a
temperature o#433K for 30 minsin aninert (argon)environmento dissdve thelanthanide salts
while stirring at 350 rpm (throughout the synthesis protessolution was kept stied at this
speed. After cooling the solutionto room temperaturee. ~297 K 2.5 nmol of NaOHand 3.9
mmol of NH4F dissolved in 3 ml and 10 mhethanol solutiomespectivelywereadded dropwise
usinga 20 ml syringe This isa crucial step becaustlaOH and NHF rapidlyreact toforma
NaF precipitate whichends to sticko the walk of the beakerandtheamount of NaF added tbe
solution determineshe sizeand shape uniformitgf the UCNP thuscreated38]. Thereforgto
avoidtheNaFstickingto the wals of thebeakerinstead of mixingheNaOH and NHF methanol

basedsolutionsin abeaker and then trafiesringthe NaF precipitat thesyringe thesemethanol



basedsolutionsweremixeddirectlyin the syringatself for convenienceAfterwards, theesultant
solution was kept stiedat 323K for 30 mirutesto completethe NaF nucleationprocess In the
next stepthe methanolascompletelyremovedfrom the solutiorby graduallyheating itto 383

K (alternating betweeargonflow and vacuum pressudiring therampingproces$ andoncethe
temperature reache8B3 K, it was maintained there for 10 minutes under vacuum conditions.
Thereafter the solution wasgjuickly rampedup to 583K (at a rate oflO0 K/min) andkept at that
temperature for one hounderargonprotection beforecoolng down naturallyOncethesolution
wascooled downjt was transferredo a 50 ml centrifuge tubemixedthoroughlywith 5 ml of
ethanolandthe resultant solutiowas centrifuged at 3500g for 3 minute&fter discarding the
supernatant, thewhite-colored precipitant was re-dispersed into cyclohexanand again
precipitated by adding§ mlof ethano] following whichcentrifugation 35009 for 3 minutgswas
carried out The previousstep was repeatethce moredy replacing 8 ml of ethanol by 4 ml of
ethanol and 4 ml ofmethanol. Finally, the precipitant was f@ispersedin 4 ml of fresh
cyclohexane to obtain a stabkansparenUCNP colloidalsolution(concentration: PJ), O
as shown in Fig. 1(a).

UCNP-PDMS was obtained bymodifying the stepsised by Wanget al. [39]. As a first step,
UCNP colloidalsolution,PDMSbase solution anthe airing agent wre placedin aratio 10:10:1
(by volume) in a glass beakemdmixedthoroughy. Thebubble trapped in theesultantsolution

while mixing, was removed bglegasmg it in avacuum chamber for hadinhour. Afterwards, the
solutionwas left overnightat room temperatand pressureThe following morning the partially
cured solution was heaténl 354 K (belowthe cyclohexane flash point) fanhourto ensureghe

complete removal ahe cyclohexanewhile at the same timeompletng the curing process.

D. Optical FibreThermometer Design

A 5 cm longpolymer clad silica mitimode Optical Fibre (OF), having 1 m core diameter
(FT1000UMT; Thorlabsyvas usedsthe basis of theemperaturg@robeitself. An OF witha1000

P core diametewas chosen becaustes large diameterthan X VHG IRU W\SLFDO pFRPPX
J U D G H)TnatloBlypkbvides a muchlarge surface area for coating, excitation agcbllection
of theUC fluorescencéut alsooffersgood mechanicatrengthto the probe To increasehelight
coupling efficiencyboth erd facetswere sequentially polisheftht X VL QJ P P DQG F

grit polishing sheet (LFG series, Thorlabgjinally, 1 cm ofpolymer jacket was removed from



oneend of the fibre, whiclvasglued toa SMA connector (11050A; Thorlabshile from another
end1.5 cm of polymer jacket and 5 mofi cladding wereremoved The bare facetvasused for
coatingwith theUC powder and UCNHPDMSto create the probes

For the UC powder coating, firs UCNP wasprecipitatedirom a | of colloidal solutionby
DGGLQJ O RI HWK RképRfGyatiohCBeOR g B Gnird\ After discarding the

supernatanthe bare end othe OF was inserted intthe precipitateto attach som&JC powderto
the fibre tip Finally, the UC powdercoatedOF wasdried overnightand heated €854 Kfor an
hour (the followingmorning to remove anyesidualraces of cyclohexane

To coatthe UCNP-PDMS compositethe 3 mm ofoptical fibrewas dippedn the UCNP-PDMS
compositesolution obtained by mixing UCNP and PDMS and removing the trapped butbiaes
were seen and which would deteriorate the optical quality of the probe mésridéscribed
abovg. It was thereft for one minute and slowlgken ouusingalab-jack. As in the case of the
UC powderthe UCNP-PDMSwas left overnight at room temperature and pressurehendext
morning heatedto 354 K for anhour. Another 5 mm layer oPDMS wascoatedon the fibre,
following the same pedure but with the exception ofeplacingthe UCNP-PDMS solution by
PDMS. This PDMS coatingassivateshe EF* ions present on the surface of UGRPMS, thus
nullifying the impact othesurrounding environment on thiC fluorescenceSincethe OF probe
wasdesignedo operatein reflectionmode,silver paint wascoated on théip by dipping it irto
commerciallyobtainedsilver paint thusto enhancehe reflection of UC fluorescenc& he probe
createdin this wayis shown in Fig. 1(b)In that figure, theriset showshe visible (greer) UC
fluorescencemitted bythe UCNP-PDMS-coated tipupon excitatiorusing light from é&600 mWw,
980 nm Z D Y H O H Qak¥Y KourceBefore evaluating theaemperaure sensingerformance of
the probeit was annaed at503 Kfor 3 hourgo stabilize it
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Figure 1 Photograph of (a) UCNP dispersed in cyclohexX@hstrating the clarity of the solution)
(b) Opticalfibre temperature probeonstructedfter coatingsilver paint orthe UCNP-PDMStip.
Inset shows green UC fluorescence emitted by U®BIMS coated tip eforethe silver coating
was appliejluponexcitation withlight from a500 mwW, 980 nmlaser source

E. Optical ThermometeCharacterzation Setup

In all the experiments carried outitovestigatethe fluorescencebasedperformance of theensor
probe, light from acontinuouswave 980 nm diode laser (JDSU 2900 series) wiibre pigtail
and a maximum achievable powé¢of 500 m\W was used for excitationThe UC fluorescence
emittedwas acquired using portable spectrometer (Maygpe 2000PRO; Gean Optics)while
the UC spectrum othe colloidal solution wagecorded using the setupeated (anghown in
online supplementaryig. Sl). The laser source aritie spectrometewere connected to 1 cm
cuvette holde(CUV-ALL -UV; Ocean Optics)setat 9(° to each other taninimizetheamount of

scatteredsource light reaching the spectrometer

The UC powder andhe UCNP-PDMS werecoated oto theOF, following the steps described in
the precedingsubsection and characterized ugingsetup shown iifrig. 2. As can be seen from
thesetupshownin Fig. 2(a),the lasesourceandthe spectrometewereconnected to the two ends
of 2x1 fibre bundle( | = 230 um;Ocean Optics)while the third was connectetdb the coatedOF
probethroughanSMA connector (SMA905, icom). A 2 mm thick NIR rejecion filter (1=11.9
mm; BP55Q MidOpt) wasplacedin the path othe spectrometer to avoids saturationfrom the
reflected source lightThe NIR filter wasmounted ora 1 cm cuvette holderGUV-UV; Ocean

Optics; shown inonline supplementary FigS2) as it provide a natural alignmenbetweenthe



incoming andthe outgoingfibre, thus making the setumoth simple andreadily portablewhen
required The UC spectrunwas recordedver thewavelength range from 4d@mto 700 nm(at
aresolution of 1 niy with an integration time of 1 secqnesingthe Spectra Suit software package

(Ocean Optics).

In the experimentsvhich were set up tinvestigatethe temperature performance of the prabe
heater (RCT Basic; IKA) equipped withthermocouple (ET®S; IKA; minimum resolution =
0.1 K) was used to regulate and control the temperatesahd bath{iO,; 50-70 mesh particle
size; Sigma Aldrichor air bathto provide a stable temperature z@ethe calibration The @ind
bath, due to its excellent thermal properties, was used to decrease the rapripimg minimize
thetemperature fluctuatiorendachieve ainiform temperature distributipmwhich faciitated the
calibrationof the probe For each temperature, the mean value of six replicated reathkgn at

intervak of 1 minute wasrecorded

/| ‘

Spe“ctrometer

Heater -

Heater

Figure 2: Thermal characterizatioof the probega) Schematic ahesetupused showing the key

componentgb) Photograph athe equipment useth the experimental calibration

3. Results and discussion

A. Characterizationof the Thermometer materials

A TEM image ofthe synthezed UCNPusedis shown in the Fig. 3ja It can be seen from the

figure that the synthesized UCN&® ofuniform size andhavea cleathexagonal shapas desired



The mean hydrodynamic diameter thie UCNPs was found to be56 nm from the DLS
measuremennade Theinsetof Fig. 3(a) showsthegreen visible UC fluorescence emittedtbg
synthesized colloidal solutigimn excitation witHight from a500 mW, 80 nm diode laself-igure
3(b) shows photographs tife PDMS (marked as 1andthe UCNP-PDMS compositémarked as
2) andthe UCNP-PDMS when excited withght from a980 nm diode laser (marked as 3). It can
be seen from the same figure ttle@ UCNP-PDMS composite is less transparent ttiepristine
PDMS. Thidloss of transparency on additigg UCNP tothe PDMSresults frontheagglomeration

of the UCNP to form strong scattering cert, as observeand reported in the literatufer other
inorganicorganic nanocompositg40,41] The loss of transparencgtoes not have significant

impact onits usageasatemperature sensingaterial

(2)

1 PDMS
(white light)

2 UCNP-PDMS
(white light)

3 UCNP-PDMS
(980 nm light)

Figure 3 (a) TEM imageof synthesizechexagonaphasedJCNP. Inset show the green UC
fluorescence from the UCNP colloidal solution when excisithg light from the980 nm laser
source (b) Photographs othe PDMS (marked as 1) antle UCNP-PDMS composite (marked as
2) and UCNPPDMS when ext¢ed withlight from the980 nm diode laser (marked as 3).

Figure 4 shows the U€missionspectra recorakusingthe spectrometer mentiongfbr UCNPs
in three different medi in cyclohexaneas powdemndin PDMS. It can be seen that in dhe
threemediathe UC fluorescence shows thrdestinctivepeaks fharked as 1, 2 anddh the figure
and these compridevo greenfbands (Qeax= 525 nm & 545 nm) and onped fband (Q@eak= 650
nm). The electronic transiti@responsible for thesgeaksare shownin relation tothe energy
level diagran givenin Fig. 4(b) As previouslydescribed irthe literature[12 4], the energy

level*11,2is populated througkeveraroutesbutthe energytransfer (ET) from Y& (?Fs2(Yb3")
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+152(ErY) 0 2F72(Yb3) + 4112(ErY) andthrough groundstateabsorption GSA; %l 15,2 (ErFY)
+ photono “4l112(Er*") are dominant Further,contrastinghe ET andthe GSAmentioned above
the probability of the occurrence ofET is greaterthan GSA due tothe higher absgstion
coefficient ofthe Yb®" ions (when compared to that f&@r* ions) at the input wavelengttused
[13,25] Forthegreen ban@missionelectronsexcited frontlii2to *F72through ET fFs2(Yb®)
+ 4112 (Er) 0 2F72(YD®) + *F72 (Er*Y) or excited stateabsorption(ESA; *l112 (Er*) + photon
0 “Fz2(Er*"), quickly settleinto morestable stat®?Hi1.2, *Ss/2, throughnonradiativephononic
relaxation. Theemission banslaround523 nmand 545 nnarisedue to theadiative transition of
electrors from 2Hi12 0 *l1sp and*Ss2 0 *lisprespectivly. Forthered band transitiorffoz 0
‘1151, theenergy levetFy.is populatedvia two majorroutes The first of theseis throughthe de-
excitation of electrons frorfi11/2 to %132 through phononicelaxation and then excitatidrom
411372 t0 *Forz through ET fFsi2 (YB%Y) + 4132 (ErPY) 0 2F7i2 (YB®Y) + “Farz (Er)) or ESA (l1az
(Er*") + photono “Fg2 (Er*")). In thesecond routeéFs» becomegpopulated through neradiative

relaxation fronfSg/s.

@ . y . (b) oA 4F.
In Cyclohexane : 1 5 {Z’i\
1 | v 418111/2)]—TCL
5 RIG=034 AN :/,_\ I % n
- = 1 x I
i‘: UC Powder :I Y T Fon
e .| 980 nm il I o 0
z o oy, ")
§Z R/G =0.74 3] 2%?( L7 x b )
q:) = f_l- ’F,, T:_ Liin
"E UCNP-PDMS c 1 |
— 1 1 I_--— 4113/2
. I l
| I
Ha I\ R/G=1.04 5 : |
‘ - |
500 550 600 650 700 . :
3y LA A SIS <
Wavelength (nm) vb+ Eror T

Figure 4 UC emission spectra when UCNP is dispersed in cyclohexane, UC powder &UCNP
PDMS. R/G representthe integratd intensities othe red andgreen bands, shown by red and
greencolored area in the lower spectrumshown (b) Partial energy level diagram of YEre*

showingtheimportant radiative and nemadiative transitions involved ine UC mechanism. The
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dashdotted, dashed, wavy and solid line represbatNIR photon excitation, energy transfer,

multi-phonon relaation and emission processes respectively.

As discussed ithe previous paragraph amyidentfrom the energylevel diagram shown in Fig.
4(b), the intensities of theed and greeemissions are related throutite nonradiativetransition
betweerfliz: *lizzand*Ssz : *For, Which in turnarestrongly affected byhe surfaceproperties
of the particlessuch as surface defects, proximate impurities, surface states, attached égands
[42]. Therefore, ittcan beseenfrom Fig. 4(a) thathe Red to Green ratio (R/G) is differefar all
threemeda. The ncrease irthe R/G ratio inthe powderform, in comparison tdhe colloidal
solutionUCNP, has beembserved previously artths beemttributed toanincreasan the cross
relaxatiorenergy transfebetweerthe Er*- Er** surfaceions due totheclustering othe Er®* ions
in the powder[43]. Inthe caseof the UCNP-PDMS composite the observed R/Gvas highest
amongthe three mediaconsidered This couldbe due to combined effect afrossrelaxation
betweerthe Er¥* - Er** ions at agglomerated sites amdlincrease irthe nonradiative relaxation
betweenthe *S;/» and*Foz levels, @used bythe presence ofhe CH;s lateral chain othe PDMS
near the surfaceAs can beseen from the ATHETIR of the UCNP-PDMS compositeshown in
Fig. 5(a),the vibrational energy ahe C-H stretching (2962 cr) is closer to the energy gab
4Ss12 1 *F9i2(3200 cmt), thus increasinthe probability of multiphoton relaxatiam the transition
“Sar2 1 *For2

12
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UCNP-PDMS

Si-CH;, [

=

f
UC Powder AE =718.14 + |
6.46 cm’! |

= =Mean value
® Experimental

Figure 5 (a) ATR-FTIR response of UC powder and UCNPMS composite (b) Green UC
emission bands of Erions. Iy is the area under curve frafi4 nm to 532.3 nm corresponding
to the radiative transitiorfH112 : “l1sp,and kis the area under curve frd632.8 nm to 562 nm
corresponding tohe radiative transitiodSs. : “l1s2 (c) Variation of Intensity ratio (I/Is) with

time dueto laser source heatinghe right axis shows the variation of temperature with respect to

themean value.
B. Temperature responsdé OC Powderbased thermometer

As mentionedibove the ratio otheintegratecemissiorintensities othegreen banslunder quasi
thermal equilibriunfollows % R O W | RIBt@Q@ifHryin accordanceavith Eq. 1.
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wherely is thearea under themissionintensitycurve betweethe 514 nmand532.3 nmpeaks
as shown byhepurple area in Fig. 5(jndls is thearea under themissionintensitycurveover
thewavelengtirange532.8 nm to 562 nrigshown by yellow area in Fig. 5(b)C & B &&he
degeneracy othe givenenergylevel, the angular frequency of thediativetransitiors from the
same energlevel tothegroundlevelandtheemission crossectionrespectively (E is the energy
gapbetweerthe Hi12 and*Ss2levels, ks LV % R O W ] P D QaRd[TVis thRtEmpEYabuceTie
pre-exponential constanB is given by :Gi Xz #42G X; # .. The area under the curve was
calculatedusing 6 LP S V RI®4nd G (wasobtained by calculatinthe diferencebetweenthe
barycenteof Iy andls andthe correspondingtandarcerror, / (, is the error in differencacross
temperature The barycenter of the corresponding emission eesulated usindeg. 2 and he
value obtainedof @ (= 718.14 +6.46 cm' is in good agreement with th@eviouslyreported
values[28,44].

_ A asy 7o
"Lsr UaA——-f¢ 't
A "
Before calibratig theresponse of theensor taheexternal change in temperatyaayself-heating
due tothe laser sourc¢hat may be presemtasmonitored over a period 02.5 hours Fig. 5(c)
shows thdluctuation ofthe intensity ratio(IR) over that periodleft axi9 andthe corresponding
temperature fluctuatioan the right axisthe mean value dhe fluctuation of théR is considered
as a referencg It can be seen from thigure that the temperature variation wsthin the
temperature resolutioof the sensor (x 2.KK: calculation shown later). Moreovehe IR of the
sensorremainedthe sameeven on reducing the laser source polmehalf, i.e. 250 mWThese
results prove that it is a reasonable assumption that any heating due to the laser source is

unimportant.

The variationin the intensity ofthe green fluorescence of the UC powdecordedwith an
increase in temperature from 298 KI@3K, is shown in Fig6(a). It can be seefiom the main
figure andthe insetthat K increasesndls decrease withthe increase in temperaturd he ratio
of Iy and k as function of temperaturas shown inFig. 6(b), fits excellently(R? = 0999 with the
function shown irEq. 1,thusindicatingthatthe increase ind andthe correspondinglecrease in

|s aredue tothethermaltransferof electrons from energy levé®s;to 2Hi12. Thevalue of O (=

14



777.15 crrt, obtainedfrom the fitting, is in good agreement with thealue obtainedfrom a
barycenter calculatior7(8.14 + 6.46 crf). The value obtainedfor the pre-exponential factoB
also matches well witpreviously reportedaluesin literature[23,45,46] Since, the Eq. 1 does
not takeinto account the temperatudependent nenadiativetransition ratefrom *Sg,and?Hiyz,
the closefitting of the experimental datéo Eq. 1shows thathe phononassisted nomadiative
recombination ratds insignificant over the given temperaturerange for the UC powder
Moreover the intensity ratio variatignwith temperature caalso be approximatedo a linear

function overthe given temperature rangeith R? = 0.996, ashown in Fig.7(a).

=—Expo. Fit
® Experimental

1115)

0
300 350 400 Y= 11.57 exp( T
Temperature (K) R2=0.999

Figure 6 UC powder: &) Variation of green fluoresceneeth temperature. The figure has been
normalizedto themaximum valugobtained aR97 K). The nsetshows variation offy and kwith
temperature(b) Experimentally obtained ratio of land k against temperaturgixtaposed with

anexponential fittingusingEq. 1.

The absolutehermalsensitivity (S) andtherelativethermalsensitivity (&) of thethermometer
aregiven by Eq.3 and Eq. 4 respdetly. It can be seen from Fig. 7(that Sincreases with
temperature anthe maximumvalueobtainedfor S was(4.913+ 0.018)x10° K* at 394.9+ 05
K, whereas smonotonicallydecreases froif12.535+ 0.031)x10° K to (7.148+ 0.@23)x10° K"
1 with the increase in temperature from 298 0.1K to 394.9 + 0.5K. The minimum resolution
of the temperaturg U 6that could be determinagsing Eq. Sand Eq. 6was+ 2.7 K. In Eq. 6,
/v D Q Gare thestanarderrors (standard deviation divided with the square roadhefnumber

of repeated measurements made, i.e. 6 in the presenfrchsapd k respectively
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Figure 7 (a) Linear fitting of the rati@btainedof I and k over thetemperature rangeom 298
K to 395 K(b) Absolute (left) and relative (right) thernsnsitivities obtained fothe UC powder

Since, he adhesion ahe UC powdetrto the opticalfibre wasnot strongin comparison taJCNP-
PDMS compositethe probdifetime reduces considerably as the coaigipst fromthe fibre,

with time, in normal use
C. Temperature response OCNP-PDMS Mmpositebased thermometer

The variation inthe greenfluorescenceéband of the UCNP-PDMS compositecoated probes
shown in Fig.8(a). It can be seen frorthe main figure andhe inset (showinghe integrated
intensity)thatthatrate of decreasaf s with temperature is more th&or theUC Powdeywhereas
in contrasto s, therate of increase irulis smaller Furthermorethevariation oftheratio of l/ls
with temperatureas shown irFig. 8(b), showsan excellent linear fi(R?> = 0.991) butunlike the

UC powder this does nofit aswell (R? = 0.89) withEq. 1, as shown in Fig. 9(a). In the above
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fitting, 0 (= 727.65 cm! (calculated fronEq. 2 was usedThe low R-squared valudlustrates
that thermal transfer of electrons frd®. 0 2Hiiris not strictly governed bythe Boltzmann
distribution. The deviation of the thermal responsetioed UCNP-PDMS composite from the
Boltzmann distributioncan be attributed tdhe increase inthe temperaturaependentnon
radiativetransitiond47] due to presence ttiePDMSchemicalbonds as revaled from theATR-
FTIR spectruny(ref. Fig. 5(a)) in the vicinity ofthe surfaceof Er** ions

—Linear Fit
® Experimental

Intensity (a.u!

0
300 350 400 450
Temperature (K)

Y =0.0029 T - 0.5505
R?=10.991

Figure 8. UCNP-PDMS composite coated prol@) Variation in greerfluorescencédands with
temperature. The nhset shows integrated emission intensities (b) Linear fitting thef

experimentally obtained ratio ofi{ls), as function of temperature

The performancefdhe sensor created using this material shows a linear temperature response and
the same sensitivity of (2.9 + 041103 K tacross its working temperature range, a positive feature
not usually shown by earlier €y EP*/Yb** doped glasdased temperature sensors. The reduction
in the thermal sensitivity of the UCNIPDMS composite (with respect to the UC powder (4.913 +
0.018)x 10° K1) is again due to the reduction in the energy transfer efficiency, owing to the high
nonradiative losses. The same pattern was observed in the case -dfagadsemperature sensors
where glasses having high phonon energies (such silicate andbasidé glasses) show a lower
sensitivity in comparison to glasses having a low phonon energly,as tellurite glag®5]. The
cyclical response of the sensord the smoothened curve obtained by calculating the mean from
20 neighboring points is shown kyoth solid and dotted lines respectivelyy varying the
temperature from 296 K 359 K (and bacgkis shownin Fig. 9(b).From these datahé response
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time of the sensqr(defined as the time seen on the rising curve between a 10% and 90% peak
level i.e. (botig)) was found to be ~ 5 seconddie temperature resolution £ 2.7 K, calculated
using Eq. 5 & Eq. 6, wake same ashat for theUC powder Also, although the silver coating on

the tip of sensor is not essential, it increases the overall UC green fluorescence inten2Bydy ~

(as shownn online supplementary Fig. S3). Further work on increasing the observed fluorescence
intensity received is underway and the use of different, thinner coatings may help here. However,
it is noted that the use of a silver coating does enhance the panfoem

Figure 9: (a) Exponential fitting of the experimentally obtained ratio efl§) as function of
temperatureusing Eg. 1 (b) Cyclic response obtained through repeatedly varying the temperature
from 296 K to 359 K (and back). Tremoothened curv@otted)wasobtained by calculating local

mean from20 neighboring points shown as guidance for the eyes

The UCNRPDMS composite probe shows a repeatable temperature response, measured over a

period of several months, benefitting from the good adinesetween the PDMS and the optical
fibre (OF) used.

D. Comparisonof performance witlprevious snsors

In order to compare the performance of the probes developeih ainid work evaluated, their

thermal responsewere compared to thogkanumber obthersusing published informatiofnom
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the literature, collatingublisheddata orEr®* or EP*/Yb3* dopedglassbased temperature sensor
devices The minimum sensitivity value of the senswoeported has beeextracted from the
sensitivity curve of thevork of Rohatgi et g48], usingthewebplot digitizer tool As can be seen
from Table 1 the UCNP-PDMS-based temperatureensor developedshows a maximum
sensitivity of 2.9x10° K1, but where this device has the advantage of having been fabrieated
lower temperatures Further unlike most ofthe sensorspreviously reported the maximum

sensitivity ofthis deviceeemainsconstanecross the fulbperating temperaturange emphasizing

the valuefor applications where suchstronglylinear responsés desirable

Table 1: Comparisorof key parameters ahe performance of probes developed in this watk

thosefrom Er**/Yb®* doped glass temperature sessoeported in the literature

Doped material asf Maximum | Snmax(Temp) | Swin (TEMpP) Sensor Response | Literature
the basis of the | synthesis | 10°K™(K) | 10°K™*(K) |Operational Reference
sensor temperature temperature
needed (K) Range (K)
UCNP-PDMS 583 2.9(295) 2.9 (295) 295473 Linear This work
composite
UC Powder 583 4.9 (395) | 3.5(295) 295395 |Exponential/| This work
Linear
Er¥7Yb*": tellurite 973 8.9 (473) | 2.1 (278) | 278473 | Piecewise [25]
glass Linear
ErYb®: TeQy + 1023 2.8 (690) | 2.1(300) | 300690 | Exponential| [23]
WQO; glass
ErYb*": 1073 5.4 (568) | 3.6(298) | 298568 | Exponential| [49]
fluorotellurite
glasses
Er*/Yb®": 1173 3.6(493) 2.1(293) 293493 Linear [24]
germinate tellurite
glass
Er3+:BisTi1.sWo.509 1373 3.1 (423) 1.8 (83) 83423 | Exponential|l  [50]
ceramic
Er*: PbOG&0s- 1373 2.6 (592) | 0.5 (298) 298650 | Exponential] [45]
SiO, glass
Er**: oxyfluoride 1473 2.7 (450) [ 1.8 (250) 250450 | Exponential [28]
glas
Er¥7Yb*": silicate 1723 3.3(296) | 1.8(723) | 296#23 | Exponential] [51]
glass
Er*: KYbaF, 1823 14 (300) 5.4 (480) | 300#80 | Exponential] [52]
nanocrystal in
fluoride glass
ceramics
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Er*/Yb*": KsLuFe 1823 14 (300) 2.1 (773) 300773 | Exponential [53]
nanocrystal in
oxyflouride glass
ceramic
Er*: SnYbF.glass 1823 6.1 (500) | 3.8(300) 300500 | Exponential [54]

ceramics

Er'/Yb® - 1863 3.7 (563) | 2.3(303) 303563 | Exponential|l  [55]
NaGdR
nanocrystals glas
ceramic

4. Conclusion
In the work carried out using ratiometric green emission of an upconverting nanoparticle
polydimethylsiloxane composite practical and simple designs for optical fibbased
thermometers using both UC powder and UGRPMS composites va been developeand their
performance reportedThe sensor materials have been synthesized and coated on a multimode
opticalfibre, to create useabkensor platform andthe best of these was selectsdl explored
further. Even thoughthe UC powder showeahigherthermalsensitivitythanthe UCNP-PDMS
composite(Suc powder= (4.913 + 0.018)x1®K™; Sucnrroms= (2.9 + 0.4)x10 K1), the latteris
prefemable for many applicationsverthe former due to the stable coatiagsing from thegood
adhesion betweerthe PDMS and the optical fibre. The optimum UCNP-PDMS coatel
thermometethus createghows an excellefineartemperatur@espons@ver theimportant range
298 K to 493 K with a same order of sensitivitgs had previously beereportedfor several
Ert*/Yb®* dopedglassbasedsensors but achieved more simplyhrough a room temperature
coating technique.The work has emphasizelletadvantages of thisw temperaturesynthesis
processthe ease of theoating techniquehe simple andportablecharacterization setupsedand
the creation and optimization afphysicallyrobustprobe all demonstrahg the value of thisow
temperatur@pproach to create a practical and inexpensive sensor sygt@r can beindertaken
in a typical chemical synthesis laboratdruture work willexploreseverabtherUCNP-polymer
compositesfor a variety of additional sensing applicatiors, taking advantage of this low

temperature synthesis approach
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Figure4. Characterization setup fareasuring fluorescence BGCNPin colloidal solution During

measurement, external light was turned off.

Figure5: NIR filter holderused in thermal characterization setup
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Figure3: Normalized Green Fluorescence before and after coating of commercial silver paint.
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