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ABSTRACT

The thermally coupled green band emission from excited Er®* ions has been used in the past to
create optical thermometers, by doping the material in various types of media, particularly glasses.
Glasses are known to be excellent hosts for Er* ions: however, high temperatures (>900 K) are
usually required for doping these ions into glasses and a non-linear temperature response is often
produced. In this work, the frequently encountered drawbacks of glass-based temperature sensors
have been addressed by developing a temperature sensor created at a lower temperature (543 K),
by dip-coating chemically synthesized upconverting nanoparticles (UCNP — NaYF4:(18%) Yb®*,
(2%) Er®*) embedded in polydimethylsiloxane (PDMS) onto the tip of a 1000 pm optical fibre, to
create the actual fibre probe. The sensor shows an excellent linear response (R? = 0.991) over a
very useful temperature range of 295 K — 473 K, with a sensitivity of 2.9 x10° K™, a temperature

resolution of + 2.7 K and response time of ~ 5 seconds. Additionally, a probe was investigated



where a pure upconverting nanoparticle powder was coated on the tip of optical fibre and its
spectral and temperature response was obtained (and cross compared with that of UCNP-PDMS
composite). The results obtained from the probe development work show that the UCNP-PDMS-
coated optical fibre temperature sensor developed offers a better alternative to more conventional
Er®* doped glass-based temperature sensors, in terms of the thermal budget, the synthesis process
and the ease of coating, creating as a result, a very linear device response.

KEYWORDS: Upconverting Nanoparticle, Polydimethylsiloxane, Optical temperature sensor,

Optical Fibre, Organic-inorganic hybrid

1. Introduction
The importance of temperature measurement to industry can be judged from the fact that
approximately 75-80% of the sensors available on the market are temperature sensors [1]. Among
the available range of temperature sensors, optical fibre, fluorescence-based temperature detection
is distinctive over conventional electrically-based detection for a number of reasons, including
safety and immunity to stray electromagnetic radiation, for example [2,3]. Optical fibre-based
temperature sensing devices using fluorescence from a well-chosen, appropriate material respond
well to the demand for reliable and low-cost sensors needed for rugged environments, such as
monitoring of transformers in a transmission grid and temperature monitoring in oil refineries, coal
mines, electrical transport infrastructure and fire detection, where conventional measurement
techniques may not be safe or subject to interference [4,5]. Optical fibre grating-based sensors can
measure elevated temperatures, but often use expensive interrogation systems [6], whereas in
comparison, fluorescence based detection can provide a lower-cost alternative solution due to

relatively inexpensive excitation and detection techniques of the optical signals involved [7].

The most commonly used down-converting fluorescent materials, (i.e. those where Aexcitation <
Xemission) fOr temperature sensing are organic dyes and quantum dots [8,9]. However, organic dyes
frequently suffer from a photo-bleaching effect, especially in the vapor phase and therefore cannot
be used for extended periods [10]. Further, most quantum dot-based devices have problems with
cytotoxicity and often use an excitation wavelength in the ultraviolet part of the spectrum, where

prolonged exposure may cause photodecomposition of the samples [11]. These problems



associated with down-converting materials can be overcome by using another class of fluorescent
materials know as up-converting (UC) materials where, as the term “upconversion” suggests, the
emission of the shorter wavelength results from absorption of two or more longer wavelength (and
therefore less energetic) photons. By comparison with conventional nonlinear UC techniques such
as simultaneous two-photon absorption and second-harmonic generation, UC is achieved by
sequential absorption of two or more such photons. Rare-earth (RE) group elements (mainly Er*,
Ho*" and Tm®") are a natural choice for low pump-intensity UC because of their ladder-like
metastable energy bands, naturally created in the 4f" electronic configuration due to electronic
repulsion and spin-orbit coupling [12-14]. Furthermore, such RE®*" ions based on UC typically
exhibit large anti-Stokes shifts [14], sharp emission lines [15] and temperature-dependent
emissions, provided the two radiative energy levels have an energy difference of between 200 cm’
1and 2000 cm™ [16-18]. The populations of these thermally coupled levels (TCL), related through
the Boltzmann distribution, provide a natural ratiometric temperature detection approach, in that
way reducing the influence of external conditions on the sensor performance and creating an inbuilt

‘reference’ channel [19-22].

As can be seen from the literature, Er** (or the combination of Er** and Yb®") has been widely
used as a dopant in various types of glasses, such as tellurite [23-25], fluorotellurite [26],
oxyfluoride [27,28], fluoroindate [29,30], chalcogenide [31] and fluorophosphate [32] glasses,
serving as the basis of various fluorescence-based temperature sensors. A detailed review of
various upconversion-based temperature sensor schemes has been produced by Zhao et al. in
recently published review paper [33] . Since the doping of RE3* ions in glass is generally
performed in the molten phase, a high temperature environment for the synthesis is needed (with
temperatures usually rising to more than 900 K). Furthermore, the experimental arrangements
needed for the operation of several of the sensors reported are relatively complex (requiring lenses,
collimators, a bulky spectrometer etc.) and thus are expensive and susceptible to environmental
effects [23,26,28,31,32], making them less well suited to be used outside the laboratory. To avoid
the problems that are experienced when a high temperature environment is used during synthesis,
in this work an upconverting nanoparticle (UCNP)-polydimethylsiloxane (PDMS) composite has
been explored as the basis of the sensor system itself — one that is created at much lower

temperatures (583 K) than glasses.



The characterization of these potential sensor materials (prior to their incorporation in the sensor
probe itself) is done using where a sample of this UCNP-PDMS composite was dip coated on a
multimode, larger diameter, optical fibre (chosen to allow the maximum excitation light to be
delivered to the sensor head and light collected from it), with an inexpensive portable USB-based
spectrometer was used to record fluorescence. The use of optical fibre also provides the advantage
of high signal-to-noise ratio, potentially long distances being possible between the point where the
sensing is occurring (particularly valuable in applications such as mining) and offering reliability
of performance in corrosive & harsh environments [34]. Since, it was not possible to dope RE3*
ions directly into the PDMS, a hexagonal-phased UCNP (NaYF4: (18%) Yb%'; (2%) Er®")
composite was used as the basis of the sensor material. This approach was preferred over the use
of other UC nanoparticle materials because of their high UC efficiency [35]. Similarly, PDMS
was chosen over other polymers because of its good chemical stability, resistance to water, low
cost and good optical properties in the visible-near infra-red (NIR) region (such as high
transparency and low autofluorescence [36]). Moreover, PDMS shows good adhesion to glass,
which further simplifies the coating process onto optical fibres and thus increases the lifetime of

the sensor created.

In this paper, UCNP has been chemically synthesized using a solvothermal method and its
fluorescence emission has been explored and recorded, in three different media i.e. in a non-polar
solvent (cyclohexane), in powder and in PDMS. Following that, the UC powder itself and the
UCNP-PDMS composite materials created have been coated onto multi-mode optical fibre, to
form the basis of the temperature sensors designed, ready for evaluation. The optical fibre
thermometer schemes thus developed has been characterized and a ‘figure of merit’ for the sensors
obtained. This has been designed to make a cross-comparison of key parameters more easy: the
figure of merit has been determined from the data captured on the temperature-related change in
the ratios of the integrated emission intensities of the two green emission bands, from the Er*

ions.

2. Experimental Section

A. Chemicals and Reagents
For the chemical synthesis of the UCNP, the following chemicals were used: Yttrium(lI1) chloride
hexahydrate (YCl3-6H20; 99.99%; Acros Organics), Ytterbium(lll) chloride hexahydrate



(YbCl3-6H20; 99.90%; Acros Organics), Erbium(l11) chloride hexahydrate (ErClz-6H20; 99.90%;
Sigma Aldrich), Ammonium fluoride (NH4F; >98.0%; Acros Organics), Sodium Hydroxide
(NaOH, 97+%; Sigma Aldrich), Methanol (Analytical Grade, Fisher Scientific), Ethanol (HPLC
grade; Fisher Scientific), Oleic acid (C1gH3402; 90%; Sigma Aldrich), 1-Octadecene (C1sHzs; 90%;
Sigma Aldrich), Cyclohexane (CeHi2; > 95%; Acros Organics), and silver conductive paint
(Electrolube). PDMS (SYLGARD 184) was purchased from Dowsil. All chemicals were used as
received without any further purification.

B. Thermometer Materials Characterization — Instrumentation used

The transmission electron microscope (TEM) imaging was done using a Model JEM-1010,
operating at an accelerating voltage of 80kV. The hydrodynamic diameter of the UCNP was
calculated using a Zetasizer Nano ZEN 3600 (Malvern Instruments). The attenuated total
reflection Fourier-Transform InfraRed (ATR-FTIR) spectra were obtained using a Perkin Elmer
Frontier Spectrometer.

C. Synthesis of UCNP & UCNP-PDMS Composites

The hexagonal phase UNCP used in this work was chemically synthesized using a solvothermal
process, by slightly modifying the procedure described elsewhere [37]. In summary, 0.8 mmol of
YCI6H,O, 0.18 mmol of YDbCIl-6H.O and 0.02 mmol of ErCl6H,0, 15 ml of 1-
octadecane (acting as solvent) and 6 ml of oleic acid (acting as surfactant) were added to a 50 ml
three-necked round-bottom glass flask. Heating was applied to the above mixture, taking it to a
temperature of 433 K for 30 mins in an inert (argon) environment to dissolve the lanthanide salts
while stirring at 350 rpm (throughout the synthesis process the solution was kept stirred at this
speed). After cooling the solution to room temperature i.e. ~297 K, 2.5 mmol of NaOH and 3.9
mmol of NH4F dissolved in 3 ml and 10 ml methanol solution respectively were added dropwise,
using a 20 ml syringe. This is a crucial step because NaOH and NHF rapidly react to form a
NaF precipitate which tends to stick to the walls of the beaker and the amount of NaF added to the
solution determines the size and shape uniformity of the UCNP thus created [38]. Therefore, to
avoid the NaF sticking to the walls of the beaker, instead of mixing the NaOH and NH4F methanol-

based solutions in a beaker and then transferring the NaF precipitate to the syringe, these methanol-



based solutions were mixed directly in the syringe itself for convenience. Afterwards, the resultant
solution was kept stirred at 323 K for 30 minutes to complete the NaF nucleation process. In the
next step, the methanol was completely removed from the solution by gradually heating it to 383
K (alternating between argon flow and vacuum pressure during the ramping process) and once the
temperature reached 383 K, it was maintained there for 10 minutes under vacuum conditions.
Thereafter, the solution was quickly ramped up to 583 K (at a rate of 10 K/min) and kept at that
temperature for one hour under argon protection, before cooling down naturally. Once the solution
was cooled down, it was transferred to a 50 ml centrifuge tube, mixed thoroughly with 5 ml of
ethanol and the resultant solution was centrifuged at 35009 for 3 minutes. After discarding the
supernatant, the white-colored precipitant was re-dispersed into cyclohexane and again
precipitated by adding 8 ml of ethanol, following which centrifugation (3500g for 3 minutes) was
carried out. The previous step was repeated once more by replacing 8 ml of ethanol by 4 ml of
ethanol and 4 ml of methanol. Finally, the precipitant was re-dispersed in 4 ml of fresh
cyclohexane to obtain a stable, transparent UCNP colloidal solution (concentration: 0.05 mg/ul),
as shown in Fig. 1(a).

UCNP-PDMS was obtained by modifying the steps used by Wang et al. [39]. As a first step,
UCNP colloidal solution, PDMS base solution and the curing agent were placed (in a ratio 10:10:1
(by volume)) in a glass beaker and mixed thoroughly. The bubble trapped in the resultant solution,
while mixing, was removed by degassing it in a vacuum chamber for half an hour. Afterwards, the
solution was left overnight, at room temperate and pressure. The following morning, the partially
cured solution was heated to 354 K (below the cyclohexane flash point) for an hour to ensure the

complete removal of the cyclohexane, while at the same time completing the curing process.

D. Optical Fibre Thermometer Design

A 5 cm long polymer clad silica multimode Optical Fibre (OF), having 1000 um core diameter
(FT1000UMT; Thorlabs) was used as the basis of the temperature probe itself. An OF with a 1000
um core diameter was chosen because this larger diameter (than used for typical ‘communications-
grade’ fibre) not only provides a much large surface area for coating, excitation and recollection
of the UC fluorescence but also offers good mechanical strength to the probe. To increase the light
coupling efficiency, both end facets were sequentially polished flat using 5 pm, 3 um and 1 pm

grit polishing sheet (LFG series, Thorlabs). Finally, 1 cm of polymer jacket was removed from



one end of the fibre, which was glued to a SMA connector (11050A; Thorlabs) while from another
end 1.5 cm of polymer jacket and 5 mm of cladding were removed. The bare facet was used for
coating with the UC powder and UCNP-PDMS to create the probes.

For the UC powder coating, first UCNP was precipitated from a 500 ul of colloidal solution by
adding 500 pl of ethanol followed by centrifugation (3500 g, 3 mins). After discarding the
supernatant, the bare end of the OF was inserted into the precipitate to attach some UC powder to
the fibre tip. Finally, the UC powder-coated OF was dried overnight and heated at 354 K for an
hour (the following morning) to remove any residual traces of cyclohexane.

To coat the UCNP-PDMS composite, the 3 mm of optical fibre was dipped in the UCNP-PDMS
composite solution, obtained by mixing UCNP and PDMS and removing the trapped bubbles that
were seen and which would deteriorate the optical quality of the probe material (as described
above). It was then left for one minute and slowly taken out using a lab-jack. As in the case of the
UC powder, the UCNP-PDMS was left overnight at room temperature and pressure and the next
morning heated to 354 K for an hour. Another 5 mm layer of PDMS was coated on the fibre,
following the same procedure but with the exception of replacing the UCNP-PDMS solution by
PDMS. This PDMS coating passivates the Er** ions present on the surface of UCNP-PDMS, thus
nullifying the impact of the surrounding environment on the UC fluorescence. Since the OF probe
was designed to operate in reflection-mode, silver paint was coated on the tip by dipping it into
commercially-obtained silver paint, thus to enhance the reflection of UC fluorescence. The probe
created in this way is shown in Fig. 1(b). In that figure, the inset shows the visible (green) UC
fluorescence emitted by the UCNP-PDMS-coated tip, upon excitation using light from a 500 mW,
980 nm wavelength (1) laser source. Before evaluating the temperature sensing performance of

the probe, it was annealed at 503 K for 3 hours to stabilize it.
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Figure 1 Photograph of (a) UCNP dispersed in cyclohexane (illustrating the clarity of the solution)
(b) Optical fibre temperature probe constructed after coating silver paint on the UCNP-PDMS tip.
Inset shows green UC fluorescence emitted by UCNP-PDMS coated tip (before the silver coating
was applied) upon excitation with light from a 500 mW, 980 nm laser source.

E. Optical Thermometer Characterization Setup

In all the experiments carried out to investigate the fluorescence-based performance of the sensor
probe, light from a continuous-wave 980 nm diode laser (JDSU 2900 series) with a fibre pigtail
and a maximum achievable power (of 500 mW) was used for excitation. The UC fluorescence
emitted was acquired using a portable spectrometer (Maya-type 2000PRO; Ocean Optics), while
the UC spectrum of the colloidal solution was recorded using the setup created (and shown in
online supplementary Fig. S1). The laser source and the spectrometer were connected to 1 cm
cuvette holder (CUV-ALL-UV; Ocean Optics), set at 90° to each other to minimize the amount of

scattered source light reaching the spectrometer.

The UC powder and the UCNP-PDMS were coated onto the OF, following the steps described in
the preceding subsection and characterized using the setup shown in Fig. 2. As can be seen from
the setup shown in Fig. 2(a), the laser source and the spectrometer were connected to the two ends
of 2x1 fibre bundle (¢ = 230 um; Ocean Optics), while the third was connected to the coated OF
probe through an SMA connector (SMA905, L-com). A 2 mm thick NIR rejection filter (¢ =11.9
mm; BP550; MidOpt) was placed in the path of the spectrometer to avoid its saturation from the
reflected source light. The NIR filter was mounted on a 1 cm cuvette holder (CUV-UV; Ocean

Optics; shown in online supplementary Fig. S2) as it provides a natural alignment between the



incoming and the outgoing fibre, thus making the setup both simple and readily portable when
required. The UC spectrum was recorded over the wavelength range from 400 nm to 700 nm (at
a resolution of 1 nm), with an integration time of 1 second, using the Spectra Suit software package

(Ocean Optics).

In the experiments which were set up to investigate the temperature performance of the probe, a
heater (RCT Basic; IKA) equipped with a thermocouple (ETS-DS; IKA; minimum resolution =
0.1 K) was used to regulate and control the temperate of a sand bath (SiO2; 50-70 mesh particle
size; Sigma Aldrich) or air bath, to provide a stable temperature zone for the calibration. The sand
bath, due to its excellent thermal properties, was used to decrease the ramping-up time, minimize
the temperature fluctuations and achieve a uniform temperature distribution, which facilitated the
calibration of the probe. For each temperature, the mean value of six replicated readings, taken at

intervals of 1 minute, was recorded.

(a) (b)
2x1
Laser Source Coupler

[

- Thermocouple

Thermocouple

Mini €= \IR reject 4mm

Spectrometer Filter

-

Heater

Figure 2: Thermal characterization of the probes (a) Schematic of the setup used showing the key

components (b) Photograph of the equipment used in the experimental calibration

3. Results and discussion

A. Characterization of the Thermometer materials

A TEM image of the synthesized UCNP used is shown in the Fig. 3(a). It can be seen from the

figure that the synthesized UCNPs are of uniform size and have a clear hexagonal shape, as desired.



The mean hydrodynamic diameter of the UCNPs was found to be ~56 nm from the DLS
measurement made. The inset of Fig. 3(a) shows the green visible UC fluorescence emitted by the
synthesized colloidal solutions on excitation with light from a 500 mw, 980 nm diode laser. Figure
3(b) shows photographs of the PDMS (marked as 1) and the UCNP-PDMS composite (marked as
2) and the UCNP-PDMS when excited with light from a 980 nm diode laser (marked as 3). It can
be seen from the same figure that the UCNP-PDMS composite is less transparent than the pristine
PDMS. This loss of transparency on adding the UCNP to the PDMS results from the agglomeration
of the UCNP to form strong scattering centers, as observed and reported in the literature for other
inorganic-organic nanocomposites [40,41]. The loss of transparency does not have significant

impact on its usage as a temperature sensing material.

(2)

1 PDMS
(white light)

2 UCNP-PDMS
(white light)

3 UCNP-PDMS
(980 nm light)

Figure 3 (a) TEM image of synthesized hexagonal phased-UCNP. Inset shows the green UC
fluorescence from the UCNP colloidal solution when excited using light from the 980 nm laser
source. (b) Photographs of the PDMS (marked as 1) and the UCNP-PDMS composite (marked as
2) and UCNP-PDMS when excited with light from the 980 nm diode laser (marked as 3).

Figure 4 shows the UC emission spectra recorded using the spectrometer mentioned, for UCNPs
in three different media: in cyclohexane, as powder and in PDMS. It can be seen that in all the
three media the UC fluorescence shows three distinctive peaks (marked as 1, 2 and 3 on the figure)
and these comprise two ‘green’ bands (Apeak = 525 nm & 545 nm) and one ‘red’ band (Apeak = 650
nm). The electronic transitions responsible for these peaks are shown in relation to the energy
level diagram given in Fig. 4(b). As previously described in the literature [12-14], the energy

level “l11/2 is populated through several routes but the energy transfer (ET) from Yb%* (?Fs2 (Yb%*)

10



+ His2 (Er*Y) = 2F72 (YB*) + 4112 (Er®)) and through ground state absorption (GSA,; *l1si2 (Er")
+ photon — #1112 (Er®")) are dominant. Further, contrasting the ET and the GSA mentioned above,
the probability of the occurrence of ET is greater than GSA, due to the higher absorption
coefficient of the Yb3* ions (when compared to that for Er®* ions) at the input wavelength used
[13,25]. For the green band emission, electrons excited from *l11/2 to *F72 through ET (*Fs2 (Y©*)
+ 112 (Er**) — 2F72 (YD®Y) + *F712 (Er®)) or excited state absorption (ESA; #1112 (Er**) + photon
— *F72 (Er®)), quickly settle into more stable states 2Hi12, “Sas2, through non-radiative phononic
relaxation. The emission bands around 523 nm and 545 nm arise due to the radiative transition of
electrons from 2Hi1z — *lis;2 and #Saiz — *lisp2 respectively. For the red band transition (*Fo2 —
*11512), the energy level *Fgy, is populated via two major routes. The first of these is through the de-
excitation of electrons from #1112 to #1132 through phononic relaxation and then excitation from
*l1312 t0 *Fop2 through ET (®Fs2 (YB3*) + *luar (Er¥) — 2F72 (YB%") + “For2 (Er¥")) or ESA (*lisr
(Er®") + photon — *Fgy2 (Er®")). In the second route, *Fg. becomes populated through non-radiative

relaxation from *Ss.

\
1

(a) . . . (b) Il ~a 4F7/2
In Cyclohexane I ’I 5 &
! I ; rﬁﬁwi)]—TCL
o RIG=034 AN, : s I § D3/
= " 1 x 1 "
S UC Powder i N YN Fo),
> e 5| 980 nm il 1 o o
= o B | =TT L
z R/G = 0.74 3 2 Pl I |
q:) = _l-f ’F,, T:_ 12
"E UCNP-PDMS o | ;
o I I _--_ 4113/2
- I l
! I
b, R/G=1.04 . : I
' I
500 550 600 650 700 4 :
zF v y 41
Wavelength (nm) —— e 152

Figure 4 UC emission spectra when UCNP is dispersed in cyclohexane, UC powder & UCNP-
PDMS. R/G represents the integrated intensities of the red and green bands, shown by red and
green colored areas in the lower spectrum shown (b) Partial energy level diagram of Yb**/Er3*

showing the important radiative and non-radiative transitions involved in the UC mechanism. The
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dash-dotted, dashed, wavy and solid line represent the NIR photon excitation, energy transfer,

multi-phonon relaxation and emission processes respectively.

As discussed in the previous paragraph and evident from the energy level diagram shown in Fig.
4(b), the intensities of the red and green emissions are related through the non-radiative transition
between *111,—*l132 and “Sz2—*Fas2, Which in turn are strongly affected by the surface properties
of the particles, such as surface defects, proximate impurities, surface states, attached ligands, etc.
[42]. Therefore, it can be seen from Fig. 4(a) that the Red to Green ratio (R/G) is different for all
three media. The increase in the R/G ratio in the powder form, in comparison to the colloidal
solution UCNP, has been observed previously and has been attributed to an increase in the cross-
relaxation energy transfer between the Er**- Er®* surface ions, due to the clustering of the Er** ions
in the powder [43]. In the case of the UCNP-PDMS composite, the observed R/G was highest
among the three media considered. This could be due to combined effect of cross-relaxation
between the Er®* - Er®* ions at agglomerated sites and an increase in the non-radiative relaxation
between the *Sz, and “Fo2 levels, caused by the presence of the CHj lateral chain of the PDMS
near the surface. As can be seen from the ATR-FTIR of the UCNP-PDMS composite, shown in
Fig. 5(a), the vibrational energy of the C-H stretching (2962 cm™) is closer to the energy gap of
*Sar—*Far2 (3200 cm?), thus increasing the probability of multiphoton relaxation on the transition

4Sa12 — *Fop.

12
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Figure 5 (a) ATR-FTIR response of UC powder and UCNP-PDMS composite (b) Green UC
emission bands of Er®* ions. Iy is the area under curve from 514 nm to 532.3 nm corresponding
to the radiative transition ?Hi12 — *liszand Is is the area under curve from 532.8 nm to 562 nm
corresponding to the radiative transition *Ss;, — *l152 (c) Variation of Intensity ratio (I1/Is) with

time due to laser source heating. The right axis shows the variation of temperature with respect to
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B. Temperature response of UC Powder-based thermometer

As mentioned above, the ratio of the integrated emission intensities of the green bands under quasi-

thermal equilibrium follows Boltzmann’s distribution, in accordance with Eqg. 1.

Is gswsAs

! A (—AE) (—AE)
— H _ JHOHAH ,\}pT) — Bo\kpT

)
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where Iy is the area under the emission intensity curve between the 514 nm and 532.3 nm peaks,
as shown by the purple area in Fig. 5(b) and Is is the area under the emission intensity curve over
the wavelength range 532.8 nm to 562 nm (shown by yellow area in Fig. 5(b)). g, ®, and A are the
degeneracy of the given energy level, the angular frequency of the radiative transitions from the
same energy level to the ground level and the emission cross-section respectively, 4E is the energy
gap between the 2Hi1/» and *Sayz levels, ks is Boltzmann’s constant and T is the temperature. The
pre-exponential constant B is given by (gywyAg/gswsAs). The area under the curve was
calculated using Simpson’s rule and AE was obtained by calculating the difference between the
barycenter of Iy and Is and the corresponding standard error, SE, is the error in difference across
temperature. The barycenter of the corresponding emission was calculated using Eg. 2 and the
value obtained of AE = 718.14 + 6.46 cm™ is in good agreement with the previously reported
values [28,44] .

_ (2 /’U(A))
E =107 « (2)
2 1(2)

Before calibrating the response of the sensor to the external change in temperature, any self-heating
due to the laser source that may be present was monitored, over a period of 2.5 hours. Fig. 5(c)
shows the fluctuation of the intensity ratio (IR) over that period (left axis) and the corresponding
temperature fluctuation on the right axis (the mean value of the fluctuation of the IR is considered
as a reference). It can be seen from the figure that the temperature variation is within the
temperature resolution of the sensor (£ 2.7 K: calculation shown later). Moreover, the IR of the
sensor remained the same even on reducing the laser source power by half, i.e. 250 mW. These
results prove that it is a reasonable assumption that any heating due to the laser source is

unimportant.

The variation in the intensity of the green fluorescence of the UC powder, recorded with an
increase in temperature from 298 K to 398 K, is shown in Fig. 6(a). It can be seen from the main
figure and the inset that I increases and Is decreases with the increase in temperature. The ratio
of Iy and Is as function of temperature, as shown in Fig. 6(b), fits excellently (R? = 0.999) with the
function shown in Eq. 1, thus indicating that the increase in Iy and the corresponding decrease in

Is are due to the thermal transfer of electrons from energy level #Ssj to 2Hi1/2. The value of AE =

14



777.15 cm?, obtained from the fitting, is in good agreement with the value obtained from a
barycenter calculation (718.14 + 6.46 cm™). The value obtained for the pre-exponential factor B
also matches well with previously reported values in literature [23,45,46]. Since, the Eq. 1 does
not take into account the temperature-dependent non-radiative transition rates from #Ssiz and 2Hixye,
the close fitting of the experimental data to Eqg. 1 shows that the phonon-assisted non-radiative
recombination rate is insignificant over the given temperature range, for the UC powder.
Moreover, the intensity ratio variation, with temperature can also be approximated to a linear

function over the given temperature range, with R? = 0.996, as shown in Fig. 7(a).
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Figure 6 UC powder: (a) Variation of green fluorescence with temperature. The figure has been
normalized to the maximum value (obtained at 297 K). The inset shows variation of I and Iswith
temperature. (b) Experimentally obtained ratio of 14 and Is against temperature, juxtaposed with

an exponential fitting using Eq. 1.

The absolute thermal sensitivity (Sa) and the relative thermal sensitivity (Sr) of the thermometer
are given by Eq. 3 and Eq. 4 respectively. It can be seen from Fig. 7(b) that S increases with
temperature and the maximum value obtained for S was (4.913 + 0.018) x10° K at 394.9 + 0.5
K, whereas Sg monotonically decreases from (12.535 + 0.031)x1073 K™ to (7.148 + 0.023)x10° K-
1 with the increase in temperature from 298.2 + 0.1 K to 394.9 + 0.5 K. The minimum resolution
of the temperature (6T) that could be determined using Eq. 5 and Eqg. 6, was + 2.7 K. In Eq. 6,
dIn and ols are the standard errors (standard deviation divided with the square root of the number

of repeated measurements made, i.e. 6 in the present case) in Iy and Is respectively.

15



S_dR_R AE 5
AT dr (kBT2> ®

5 = 1dR _ AE 4

R‘RdT_(kBTZ) )
SR

6T = < ,where (5)

5k = R (%) + (%)’ ©)

(a) 0.7 (b) 5 : 13

~n =Linear Fit -
= | ® Experimental i
=06 : 245 ~
= ' 111 7
2 o5} = ¥
~— S’ el
& g4 S
o) 0_4 r :E S
Z Z 19 &
= =35
E 0.3} Y=0.0042T-1 &
— R? = 0.996

0.2 3= * 7

300 350 400 300 350 400

Temperature (K) Temperature (K)

Figure 7 (a) Linear fitting of the ratio obtained of Iy and Is over the temperature range from 298

K to 395 K (b) Absolute (left) and relative (right) thermal sensitivities obtained for the UC powder.

Since, the adhesion of the UC powder to the optical fibre was not strong in comparison to UCNP-

PDMS composite, the probe lifetime reduces considerably as the coating is lost from the fibre,
with time, in normal use.

C. Temperature response of UCNP-PDMS Composite based thermometer

The variation in the green fluorescence bands of the UCNP-PDMS composite-coated probe is
shown in Fig. 8(a). It can be seen from the main figure and the inset (showing the integrated
intensity) that that rate of decrease of Is with temperature is more than for the UC Powder, whereas
in contrast to Is, the rate of increase in Iy is smaller. Furthermore, the variation of the ratio of In/ls
with temperature, as shown in Fig. 8(b), shows an excellent linear fit (R?> = 0.991), but unlike the

UC powder, this does not fit as well (R? = 0.89) with Eq. 1, as shown in Fig. 9(a). In the above
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fitting, AE = 727.65 cm™ (calculated from Eq. 2) was used. The low R-squared value illustrates
that thermal transfer of electrons from %Sz, — 2Hau is not strictly governed by the Boltzmann
distribution. The deviation of the thermal response of the UCNP-PDMS composite from the
Boltzmann distribution can be attributed to the increase in the temperature-dependent non-
radiative transitions [47] due to presence of the PDMS chemical bonds, as revealed from the ATR-
FTIR spectrum (ref. Fig. 5(a)), in the vicinity of the surface of Er®* ions.
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Figure 8: UCNP-PDMS composite coated probe: (a) Variation in green fluorescence bands with
temperature. The inset shows integrated emission intensities (b) Linear fitting of the

experimentally obtained ratio of (In/ls), as function of temperature

The performance of the sensor created using this material shows a linear temperature response and
the same sensitivity of (2.9 +0.4) x 10 K™ across its working temperature range, a positive feature
not usually shown by earlier Er®*, Er¥*/Yb** doped glass-based temperature sensors. The reduction
in the thermal sensitivity of the UCNP-PDMS 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
non-radiative losses. The same pattern was observed in the case of glass-based temperature sensors
where glasses having high phonon energies (such silicate and oxide-based glasses) show a lower
sensitivity in comparison to glasses having a low phonon energy, such as tellurite glass [25]. The
cyclical response of the sensor and the smoothened curve obtained by calculating the mean from
20 neighboring points is shown by both solid and dotted lines respectively, by varying the
temperature from 296 K to 359 K (and back) is shown in Fig. 9(b). From these data, the response
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time of the sensor, (defined as the time seen on the rising curve between a 10% and 90% peak
level i.e. (too-t10)) was found to be ~ 5 seconds. The temperature resolution + 2.7 K, calculated
using Eq. 5 & Eq. 6, was the same as that for the UC powder. Also, although the silver coating on
the tip of sensor is not essential, it increases the overall UC green fluorescence intensity by ~ 23%
(as shown in 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 performance.
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Figure 9: (a) Exponential fitting of the experimentally obtained ratio of (I4/ls) as function of
temperature, using Eq. 1 (b) Cyclic response obtained through repeatedly varying the temperature
from 296 K to 359 K (and back). The smoothened curve (dotted) was obtained by calculating local
mean from 20 neighboring points is shown as guidance for the eyes.

The UCNP-PDMS composite probe shows a repeatable temperature response, measured over a

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

D. Comparison of performance with previous sensors

In order to compare the performance of the probes developed and in this work evaluated, their

thermal responses were compared to those of a number of others using published information from
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the literature, collating published data on Er®* or Er¥*/Yb®*" doped glass-based temperature sensor

devices. The minimum sensitivity value of the sensors reported has been extracted from the

sensitivity curve of the work of Rohatgi et al [48], using the webplot digitizer tool . As can be seen

from Table 1, the UCNP-PDMS-based temperature sensor developed shows a maximum

sensitivity of 2.9x10% K, but where this device has the advantage of having been fabricated at

lower temperatures.

Further, unlike most of the sensors previously reported, the maximum

sensitivity of this device remains constant across the full operating temperature range, emphasizing

the value for applications where such a strongly linear response is desirable.

Table 1: Comparison of key parameters of the performance of probes developed in this work with

those from Er¥*/Yb®" doped glass temperature sensors, reported in the literature

nanocrystal in
fluoride glass
ceramics

Doped material as| Maximum [ Smax(Temp) | Smin (Temp) 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) 295-473 Linear | This work
composite
UC Powder 583 4.9 (395) 3.5 (295) 295-395 |Exponential/| This work
Linear
Er**/Yb*: tellurite 973 8.9 (473) 2.1 (278) 278-473 Piecewise [25]
glass Linear
Er**/Yb*: TeO,— 1023 2.8 (690) 2.1 (300) 300-690 | Exponential [23]
WO; glass
Er**/Yb3*: 1073 5.4 (568) 3.6 (298) 298-568 | Exponential [49]
fluorotellurite
glasses
Er**/Yb3*: 1173 3.6 (493) 2.1 (293) 293-493 Linear [24]
germinate tellurite
glass
Er3+: BisTi15Wo509 1373 3.1(423) 1.8 (83) 83-423 Exponential [50]
ceramic
Er**: PbO-Ga,0s- 1373 2.6 (592) 0.5 (298) 298-650 | Exponential [45]
SiO; glass
Er®*: oxyfluoride 1473 2.7 (450) 1.8 (250) 250-450 | Exponential [28]
glass
Er®*/Yb*": silicate 1723 3.3 (296) 1.8 (723) 296-723 | Exponential [51]
glass
Er**: KYb,F, 1823 14 (300) 5.4 (480) 300-480 | Exponential [52]
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Er**/Yb*: K;LuFs 1823 14 (300) 2.1(773) 300-773 | Exponential [53]
nanocrystal in
oxyflouride glass
ceramic

Er®*: Sr,YbFiglass 1823 6.1 (500) 3.8(300) 300-500 Exponential [54]
ceramics

Er**/Yb*: p- 1863 3.7 (563) 2.3 (303) 303-563 | Exponential [55]
NaGdF,
nanocrystals glass
ceramic

4. Conclusion
In the work carried out using ratiometric green emission of an upconverting nanoparticle-
polydimethylsiloxane composite, practical and simple designs for optical fibre-based
thermometers using both UC powder and UCNP-PDMS composites have been developed and their
performance reported. The sensor materials have been synthesized and coated on a multimode
optical fibre, to create useable sensor platforms and the best of these was selected and explored
further. Even though the UC powder showed a higher thermal sensitivity than the UCNP-PDMS
composite (Suc powder = (4.913 * 0.018)x10° K*; Sucnp-poms = (2.9 + 0.4)x103 K1), the latter is
preferable for many applications over the former due to the stable coating arising from the good
adhesion between the PDMS and the optical fibre. The optimum UCNP-PDMS coated
thermometer thus created shows an excellent linear temperature response over the important range
298 K to 493 K, with a same order of sensitivity as had previously been reported for several
Er¥*/Yb® doped glass-based sensors, but achieved more simply through a room temperature
coating technique. The work has emphasized the advantages of the low temperature synthesis
process: the ease of the coating technique, the simple and portable characterization setup used and
the creation and optimization of a physically robust probe, all demonstrating the value of this low
temperature approach to create a practical and inexpensive sensor system, which can be undertaken
in a typical chemical synthesis laboratory. Future work will explore several other UCNP-polymer
composites for a variety of additional sensing applications, taking advantage of this low

temperature synthesis approach.
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Figure 4: Characterization setup for measuring fluorescence of UCNP in colloidal solution. During

measurement, external light was turned off.
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Figure 5: NIR filter holder used in thermal characterization setup
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Figure 3: Normalized Green Fluorescence before and after coating of commercial silver paint.
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