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Continuous spatial field confocal 
thermometry using lanthanide 
doped tellurite glass
Daniel Stavrevski 1,2*, E. P. Schartner 1,3,4, Q. Sun 1,2, I. S. Maksymov 5, R. A. McLaughlin 1,4,6, 
H. Ebendorff‑Heidepriem 1,3,4 & A. D. Greentree 1,2

Distinguishing between microscopic variances in temperature in both space and time with high 
precision can open up new opportunities in optical sensing. In this paper, we present a novel approach 
to optically measure temperature from the fluorescence of erbium:ytterbium doped tellurite glass, 
with fast temporal resolution at micron‑scale localisation over an area with sub millimetre spatial 
dimensions. This confocal‑based approach provides a micron‑scale image of temperature variations 
over a 200 µ m × 200 µ m field of view at sub‑1 second time intervals. We test our sensing platform 
by monitoring the real‑time evaporation of a water droplet over a wide field of view and track 
it’s evaporative cooling effect on the glass where we report a net temperature change of 6.97 K ± 
0.03 K. This result showcases a confocal approach to thermometry to provide high temporal and 
spatial resolution over a microscopic field of view with the goal of providing real‑time measures of 
temperature on the micro‑scale.

Biological, chemical and industrial processes can be monitored by measuring the temperature change accom-
panied by the processes. For example, thermal imaging cameras have been used to monitor electrochemical 
reactions in fuel  cells1. However, for most cases of infrared thermometry, the point to point resolution is in the 
millimeter scale, which is insufficient for monitoring the processes that occur on the micron-scale such as the 
formation of an initial ‘hot spot’ in semiconductor devices, which can cause thermal  runaway2,3 that can ruin an 
entire device. Another example are self-sustaining chemical reactions that can be initiated from the combination 
of two molecules, with corresponding local temperature  variation4. In biological systems, temperature variation 
may be indicative of disease progression,  metabolism5 and  inflammation6,7. The monitoring of processes at the 
micron-scale requires fast temperature measurement with high spatial resolution. Sensing approaches based 
on temperature dependent fluorescent transitions emitting light in the visible spectrum are particularly suited 
for such measurement requirements as visible fluorescence allows using widely available optical microscopy 
techniques such as confocal microscopy to achieve high spatial resolution.

The temperature, temporal and spatial resolution of fluorescence based sensing approaches depends on the 
read-out system and properties of the temperature sensitive fluorescence material, while the long-term stability 
depends also on the chemical and physical stability of the fluorescent compound. Organic molecules based fluo-
rescent compounds such as such as Mito thermos yellow and Mito-RTP8,9 are able to bind to the mitochondria 
of a cell. This phenomenon combined with microscopy based read-out systems has allowed highly localised and 
fast monitoring of thermal processes related to a cell’s metabolism with a resolution of 0.1 K. An advantage to 
this approach is that measurements are taken directly from the region of interest giving real-time information 
on a cells  temperature10 at small discrete points in space. A potential confound of these fluorophores is their low 
chemical stability, requiring well controlled environment. For example, the Green fluorescent protein requires the 
pH to be in a narrow range to function as fluorescence based  sensor11. Inorganic nanoparticles such as fluorescent 
upconversion  nanocrystals12, quantum  dots13–16 and nitrogen vacancy containing diamond  nanoparticles17 are 
viable alternatives as they offer higher chemical robustness, while their nanoscale size ensures highly localised 
temperature measurement as for the organic fluorescent molecules based sensing approaches. This has been dem-
onstrated for point-based temperature measurements in various chemical and biological systems with sub-micron 
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 resolution17. The temperature, temporal and spatial resolution of fluorescence based sensing approaches depends 
on the read-out system and properties of the material for the fluorescence, while the long-term stability depends 
also on the chemical and physical stability of the fluorescent compound.

Of the various fluorescence species available for temperature sensing, rare earth ions are particularly suited 
as they demonstrate fluorescence with high brightness and long-term stability if the ions are incorporated into 
chemically robust materials such as inorganic crystals or glasses. Recently, there has been a large amount of 
work to develop rare earth doped glasses and upconversion nanocrystals with high temperature  sensitivity18–21. 
In particular, erbium ytterbium (Er-Yb) doped glasses and nanocrystals have been widely used since the erbium 
ions have two green fluorescence bands that are thermally coupled, making the green fluorescence ratio a reli-
able temperature sensitive parameter. The co-doping with ytterbium allows use of the upconversion process to 
excite the green fluorescence with infrared light at 980 nm, which prevents undesired autofluorescence from 
the sample to be measured. For localised temperature measurement, the temperature sensitive Er-Yb doped 
materials were used as glass micro-particles, glass coating on an optical fibre tip or upconversion nanocrystals 
in different sensing  configurations22–26.

An example of point temperature sensing is the use of an Er-Yb doped tellurite glass as a thin coating on 
the end of a conventional optical fibre that was implanted into the brain of a  rat22 or inserted into brain  tissue23. 
This fibre tip based configuration allowed in-vivo point sensing of intracranial temperature of a moving rat and 
combining imaging and sensing of different regions in tissue in the temperature range of 25–45 ◦ C with high 
sensitivity ( ≈ 10−3 K −1 ).

For localised temperature sensing of specific regions in a sample, Er-Yb doped upconversion nanocrystals 
were widely  used24–26. The nanocrystals were placed in close proximity of or within the sample that was imaged 
using scanning confocal microscopy, combined with spectral measurement of the green fluorescence of the 
erbium ions in the nanocrystals. For example, isolated nanocrystals scattered in close proximity of a single silver 
nanowire were used to monitor the temperature of the nanowire, whereby the scanning confocal microscope 
system determined the spatial resolution to be in the order of 100 nm with an uncertainty in temperature meas-
urements of ±5 ◦C24. Other examples involved the use of nanocrystals that were engulfed by cells via endocytosis 
to monitor the temperature of cell organelles in the range of 5–60 ◦ C with sensitivity of 10−3 K −125,26. Each of 
these demonstrations of thermometry, using either a glass coating on a fibre tip or upconversion nanocrystals, 
relied on the spectral measurement of the two green fluorescence bands of the Er ions, followed by data analy-
sis to determine the ratio of the two fluorescence bands as the measure for temperature. This optical read-out 
method hampers fast temperature measurement per pixel in a scanning microscopy system. While the use of the 
temperature sensitive material in form of micro-scale coating or nano-scale particles allowed localised tempera-
ture sensing, it restricted the temperature measurement to the regions near the temperature sensitive material.

An example of measuring the temperature everywhere across a sample over a micro-scale area involved 
gluing a micron sized Er-Yb doped fluoride glass particle on an atomic force microscope (AFM) tip, which was 
scanned across a polysilicon resistor strip on a metal-oxide  semiconductor27. The green fluorescence ratio was 
measured by splitting the fluorescence light collected by a microscope objective into two beams, each directed 
to a photomultiplier tube detector. Two interferential filters centred at 520 and at 550 nm with 10 nm bandwidth 
were placed in front of the two detectors, respectively, allowing direct measurement of the green fluorescence 
ratio without spectral measurement. The AFM image taken by scanning the AFM tip with glass micro-particle 
across the sample was correlated with the temperature determined from the green fluorescence ratio of the Er 
ions within the glass micro-particle. While this technique allowed measuring temperature with nano-scale spatial 
resolution, the temperature measurement over the scanning region was very slow since the scan speed had to 
be very slow with only ten points per second to allow a good thermalization of the glass micro-particle with the 
sample at each measurement point. Furthermore, the temperature accuracy was only ±5 ◦ C for a temperature 
measurement range from room temperature to ≈100 ◦C

In this paper, the temperature sensitive material of Er-Yb doped sodium-zinc-tellurite glass (hereafter referred 
to as EYT glass) was used in the form of a substrate for the sample to be measured. This allowed good thermalisa-
tion between sample and temperature sensitive material homogeneously over the whole sample area. The sample 
region of interest was imaged with a scanning confocal microscope (SCM) that was connected to an optical 
system that measured the green fluorescence ratio by splitting the fluorescence light collected from the SCM 
microscope and filtering each beam prior to fluorescence intensity detection. This system enabled each pixel of 
the SCM image to be correlated with the temperature determined from the calibrated green fluorescence ratio. 
This approach allowed fast temperature measurement over an area of sub-mm spatial dimension (200 µ m × 200 
µ m) within less than 1 s and with the spatial resolution ( ≈ 1.8 µ m diameter per pixel) given by the confocal 
microscope system. We demonstrate the ability of our sensing approach for real-time monitoring of processes 
with micro-scale spatial resolution homogeneously over an area much larger than the spatial resolution via 
tracking the evaporative cooling of a water droplet located on the EYT glass as a proof-of-concept experiment.

Measurement system and technical detail
The temperature sensing mechanism with the EYT glass involves a ratiometric change in the intensity of the two 
green fluorescence bands of Er3+ ions in the glass at 520–560 nm as a result of a temperature change around the 
ions, i.e. around the glass. The green fluorescence can be excited using either light at shorter wavelengths (typi-
cally at either 476 and 514 nm)28 via one-photon absorption or at longer wavelengths in the near infrared region 
(typically at 980 nm) via two-photon upconversion. The one-photon excitation pathway, used to measure features 
of proteins and  tissues29,30 results in auto-fluorescence effects which increases the overall background fluores-
cence, hence reducing sensitivity. In contrast, upconversion utilises infrared excitation and is able to mitigate 
such issues with background fluorescence. Although we do not monitor biological tissue here, nevertheless we 
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still use the infrared channel to understand the use of our sensor for future biological applications. Accordingly, 
we investigate the temperature-dependent fluorescence with 980 nm excitation.

To significantly increase the Er3+ upconversion fluorescence output, we use Yb3+ , which has been shown to 
be an effective sensitiser in the upconversion fluorescence process using 980 nm excitation  wavelength21,25. The 
980 nm continuous wave laser pump is absorbed by the Yb3+ ions, which transfer the excitation to transitions 
of the proximal Er3+  ions25, as shown in Fig. 1a. The two upper levels of the Er3+ green fluorescence ( 2H11/2 and 
4S3/2 ) are thermally coupled and hence their population ratio P is exponentially dependent on the inverse of 
the temperature via the Boltzmann  distribution31 described in equation 1, where A and B are constants; �Ef  is 
the energy difference between thermally coupled levels; k is the Boltzmann constant and T is the temperature 
of the system.

This relation shows that the intensity ratio of the two fluorescence bands of 2H11/2 and 4S3/2 at 524 nm and 547 
nm is temperature dependent. Ultimately, this makes the Er3+ green fluorescence output a powerful ratiometric 
sensing approach for temperature.

EYT is a tellurite glass and hence particularly suitable for obtaining Er3+ green fluorescence of high intensity 
for the following reasons. Tellurite glass has a low phonon energy ( ≈ 775 cm−1)32, resulting in a high quantum 
efficiency of visible Er3+ fluorescence due to low fluorescence quenching. It also has a high rare-earth solubil-
ity, allowing for the incorporation of a high concentration of Yb3+33 to enhance the Er3+ fluorescence intensity 
via efficient upconversion energy transfer. The glass used in this work has the chemical formula of 73 TeO2–20 
ZnO–5 Na2O–2 (Yb,Er)2O3 with a doping ratio of 1× 1020 cm−3 of Er3+ and 9× 1020 cm−3 of Yb3+ and matches 
the composition of previous  work21. The EYT glass substrate was fabricated using a previously reported  method34, 
where the batch of raw materials was melted in a gold crucible at 830 ◦ C in open air for approximately 30 min 
and then cast onto a warm brass plate, which was allowed to cool to room temperature. This resulted in a thin 
glass piece of approximately 20× 15× 3 mm of non-regular dimensions. The top and bottom faces were then 
mechanically ground and polished to create a flat surface with high optical quality for fluorescence measurement. 
Some fine scratches were still observed on the surface of the glass. However these did not have a consequential 
effect on temperature measurements conducted in this work, as the focal spots used for temporal measurements 
were not collected near to these features.

We measured the ratio of the two bands of the Er3+ green fluorescence of the EYT glass confocally via a series 
of filters, firstly with a 650 nm shortpass filter to remove any contributions related to the 4F9/2 red fluorescence 
band at  660 nm as any signal from this fluorescence may add some perturbation to the information received by 
each of our photo-diode detectors. The thus filtered fluorescence signal is then simultaneously split 50/50 into 

(1)P = A exp

(

�Ef

kT

)

+ B

Figure 1.  (a) The energy level diagram for Er3+ and Yb3+ , where Yb3+ acts as a sensitizer in the upconversion 
energy transfer process to the Er3+ 4I11/2 level. The upconversion process upon excitation at 980 nm yields green 
and red fluorescence of Er3+ . The two green fluorescence bands at 524 and 547 nm are thermally coupled and 
hence their intensity ratio is temperature dependent. (b) A schematic of the confocal scanning microscopy setup 
used to measure the green fluorescence ratio with high temporal and spatial resolution. Pump light from the 980 
nm laser is filtered via a 900 nm dichroic mirror (DC) where fluorescence from the EYT glass is sent through a 
series of filters. The total output is first filtered with a 650 nm shortpass filter, and then split, whereby each beam 
is filtered via a 540 nm shortpass (SP) or 540 nm Longpass (LP) filter, respectively, to measure separately the 
intensity for each green band with an avalanche photodiode detector (APD).
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two beams, and then each beam is filtered with a 540 nm shortpass and longpass filter, respectively, making each 
avalanche photo-diode detector (APD) to record only the green fluorescence bands of the 2H11/2 or the 4S3/2 
level, as schematically shown in Fig. 1b. This approach enables fast measurement of the Er3+ green fluorescence 
ratio per confocal pixel and hence fast thermal mapping of the EYT glass surface with micrometer resolution 
via confocal scanning. For this case the spot size of the confocal beam is defined by the excitation wavelength 
(980 nm) and the numerical aperture of the objective lens (Model LCPLN50XIR, 0.65 NA, Olympus, Japan). The 
lateral resolution of the system is given by the size of the excitation beam focused onto the EYT glass, whereby 
the beam size is determined by the excitation wavelength of the laser and the numerical aperture of the objective 
lens. The beam size was estimated using the Airy disk diameter approach, which yields a beam size of ≈ 1.8 µ m 
for 980 nm excitation wavelength and 0.65 numerical aperture of the objective lens. To mitigate any potential 
lensing effects introduced by any objects in intimate contact with the glass, we used an objective with a long 
working distance (14 mm) and adaptive collar correction that is able to take into account the refractive index 
change between different forms of media.

To achieve consistent measurement of the green fluorescence ratio between each scan, the optimal focal 
length of the objective lens onto the surface of the glass was found by identifying the z-position of the scanning 
stage that yielded the strongest signal (highest counts as measured by both of the APDs). This ensured that we 
only monitored fluorescence from the surface of the glass, thus keeping the focal plane consistent between each 
scan. We also note that the approximate laser power was roughly 30 µ W at the face of the objective lens which 
we deem to have minimal localised heating effects as this power regime is too low to observe any large changes 
in temperature.

Calibration
To be able to monitor the temperature with the EYT glass and the confocal read-out system, the change in 
measured fluorescence ratio was calibrated against temperature. For the calibration process, the EYT glass was 
placed within the vacuum chamber of a cryostat (Cryostation, Montana Instruments, USA) that had a stage with 
in-built platinum resistor thermometer. The EYT glass was affixed on the cryostate stage with thermal grease to 
ensure good thermal contact between the glass and the in-built thermometer. The thermal grease also ensured 
that there was no air-gap between the sample and the cryostat stage. Measurements were then taken from the 
cryostat stage thermometer.

The fluorescence ratio against temperature was calibrated by varying the temperature of the tellurite glass 
substrate in the range of 287–307 K via the cryostat and reading the temperature measured by the in-built ther-
mometer on the stage. We made the assumption that the temperature measured within the cryostat chamber is 
identical with the glass temperature due to good thermal contact. Each measurement was acquired when the 
temperature stability of the cryostat reached a threshold of ∼ ±20 mK.

The population of the 2H11/2 and 4S3/2 levels follows the Boltzmann distribution, thus it is appropriate to 
express the relationship between fluorescence ratio (R) and absolute temperature (T) as the natural logarithm of 
R as a function of 1/T. Figure 2a shows the log ratio of the green fluorescence ratio as a function of the inverse 
glass temperature. For each set temperature, the green fluorescence ratio was measured over a 50 s time period. 
Due to the presence of natural temperature fluctuations of the cryostat chamber, the fluorescence ratio showed 
some fluctuation, resulting in a spread of the fluorescence ratio for each set temperature (Fig. 2a). An example 
of the typical thermal stability for a set temperature is shown in Fig. 2b for 288 K over the 50 s measurement 
time period. In accordance with the Boltzmann distribution of the population of the two green fluorescence 
levels, a linear trend of ln(R) vs 1/T is obtained (Fig. 2a). This measured relationship was used to calculate the 

Figure 2.  (a) The calibration curve of ln(R) measured with confocal setup and 1/T measured with the cryostat 
thermocouple for a range of set temperatures. For each set temperature, the measurement was conducted over 
a time period of 50 s. The line represents the linear regression of the measured data points. (b) The time trace 
of the fluorescence ratio measured with the confocal setup (left axis) and corresponding temperature measured 
with the cryostat sensor (right axis) for 50 s at the set temperature of 288 K. The average standard deviations for 
the fluctuations of R and T are ±0.03 and ±0.03 K, respectively over a temperature range of 287–307 K.



5

Vol.:(0123456789)

Scientific Reports |        (2024) 14:15084  | https://doi.org/10.1038/s41598-024-65529-9

www.nature.com/scientificreports/

temperature from the measured fluorescence ratio signal for the proof-of-concept example of an evaporating 
water droplet on the EYT glass.

In previous work involving ratiometric fluorescence calibration measurements of sodium-zinc-tellurite glass 
of the same composition as our  EYT21 or a zinc-tellurite glass with different  composition35, the change in fluo-
rescence ratio R was approximated to be linear with temperature T. The sensitivity dR/dT in these studies was 
found to be 3.9× 10−3 K −1 for the sodium-zinc-tellurite glass in Schartner et al.21 and 7.2× 10−3 K −1 for the 
zinc-tellurite glass in Tabanli et al.35. To compare the sensitivity of our EYT sensor with that of the previous 
tellurite glass sensors, we plotted R versus T as shown in Sect. 1 of the Supplementary material, whereby the 
linear plotting yielded a sensitivity dR/dT of 3.1× 10−3 K −1 , which compares well with the previous work on 
sodium-zinc-tellurite  glass21 of the same composition as our EYT glass.

Proof of concept, an evaporating water droplet
The evaporative cooling effect of a water droplet was measured by pipetting 0.5 µ L of water on the EYT glass. 
Figure 3a shows the scanning confocal temperature map for the EYT glass with droplet, with 1 µ m resolution as 
determined by the step size of the scanning piezo stage. The temperature map shows the EYT glass area that is 
covered by the droplet (blue) has a lower temperature compared to the EYT glass area without droplet , i.e. the 
EYT glass area covered by air. The boundary between water and air is clearly seen, indicating discrete change in 
temperature between the two media. As we do not measure any scattering effects in the confocal scan in Fig. 3a, 
we assume that the droplet is spread uniformly along the glass surface, as this is also apparent when larger drop-
lets are placed on the EYT and observed by eye.

Figure 3.  (a) Temperature map of the EYT glass with a large area covered by a water droplet. The temperature 
was obtained from the measured fluorescence ratio R and using the calibration curve between ln(R) and 1/T. 
The cooler area of the glass (blue) corresponds to the droplet, in contrast to the warmer area (orange) occupied 
by air. The EYT glass covered by air was at 296 K, corresponding to the ambient temperature, whereas the 
evaporation of the droplet led to a measurable reduction in temperature under the droplet, with minimum 
recorded temperature of 286 K. (b) A decrease in temperature is observed as a function of water droplet 
evaporation over a time period of 80 s by continuously measuring the fluorescence ratio. (c) The expected 
temperature profile of an evaporating sessile droplet over time, where we assume air convection in the vicinity of 
the glass plays a significant role on the evaporation rate and hence the temperature decrease of the EYT glass.
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We measured the temporal temperature change of the droplet as it evaporated by monitoring the average 
fluorescence ratio of the 10 µ m × 10 µ m region at the marked location (red square) of the EYT glass area covered 
by the droplet over a time period of 80 s with 1 s measurement intervals (Fig. 3b). The temperature was measured 
to decrease by 6.97 ± 0.03 K over 80 s. This result agrees with infrared thermography  measurement36, where a 
similar temperature decrease of 6 K over a similar time frame was reported for evaporating water droplets of 
similar size (2 mm in diameter).

Evaporation of droplets of this size has also been studied with emission diffusion computational  models37 
showing that total evaporation can take up to one hour given an ambient temperature of 21 ◦C and humidity of 
50%. We note that the droplet size is expected to change due to evaporation as described by Eq. (6) in the Sup-
plementary material, however we note that this process occurs at timescales much larger than the duration of 
our temporal measurement. For longer timescales, we expect the volume change of the drop to be approximately 
proportional t3/238,39. As our measurement occurred at a much shorter timescale of 80 s, the change in droplet size 
over the measurement time is expected to be negligible. In Sect. 2 of the Supplementary material, we present a 
model of evaporation of the water droplet on the EYT glass and use a similar treatment to describe evaporation, 
and treat thermal diffusion, airflow and mass flux as the dominant forces that drive temperature changes in the 
evaporation process. To take these parameters into account, we used four times the flux obtained from Eq. (4) 
in Eq. (5) in the Supplementary information to obtain the temperatures of the droplet and the EYT glass. The 
modelled decrease of the temperature at the centre of the droplet with evaporation time is shown in Fig. 3c, which 
shows the temperature at the centre of the droplet decreases during evaporation. The same trend is observed in 
our experiment as a linear temperature decay, whereas the model displays exponential decay. Conditions such 
as humidity and temperature were recorded in the laboratory during measurements and were factored into the 
diffusion model, however this does not directly describe the airflow of the small channel between the objective 
lens and the EYT glass. The assumption we make is that changes in the droplet mass is the dominant factor of 
the temperature decrease ignoring any contributions of airflow to evaporation. We note that parameters such as 
these explain the difference between experiment and model.

Thermal transport model
When placing a droplet on the EYT glass slide, the heat transport within the EYT glass medium is anticipated 
to result in a thermal gradient in depth and lateral direction of the glass slide. This would lead to a gradient in 
fluorescence ratio when collecting signals from progressively deeper layers in the glass slide and further away 
from the water droplet acting as heat sink. To understand this effect, we used modelling of the thermal diffusion 
due to a heat source (sink) that is in intimate contact on the glass surface. We started with the case when the heat 
source is at a constant temperature of 5 K lower than the ambient temperature of 294.1 K. The heat sink is set 
as a cylindrical disk with radius of 1 mm (to represent the droplet) which is concentric on top of the cylindrical 
glass slide of 17.5 mm in radius and 3 mm in thickness, as illustrated in Fig. 4a. We first solved the temperature 
distribution in the glass medium using the numerical  method40,41 of a static case, as given in the Supplementary 
materials, where the glass top surface (in contact with the droplet) transports heat in an adiabatic manner and 
the other glass surfaces (side and bottom) are fixed at ambient room temperature. The temperature profile, Tnum , 
in the glass medium for this static case is shown in Fig. 4a. To mimic the process of temperature sensing using 
the the EYT glass, we used two point spread functions (PSF), one represents the exciting (absorption) probability 
distribution, PA , in the glass medium and the other, PE , represents the fluorescence ratio probability distribution. 
PA has a Gaussian profile having a waist diameter of 1.8 µ m and peak wavelength of 980 nm. PE has numerical 
value between 0 and 1 and is defined as the fluorescence ratio.

The temperature interpreted from the EYT glass fluorescence emission can be estimated as 
TPSF =

∑

PAPETnum in which 
∑

PAPE = 1 . As shown in Fig.  4b, the temperature measured by the fluores-
cence from the EYT glass on the glass top surface agrees well with the numerical results from solving the heat 
transfer equation for the static case.

The second case that we considered is when the temperature of the heat source oscillates with amplitude of 
5 K and time harmonic of exp (−i2π ft) where f is the oscillation frequency. We followed the same simulation 
procedure described above for the static case to compare the numerical temperature profile and the temperature 
measured by the EYT glass from fluorescence emission. The maximum difference of the temperature on the glass 
top surface as a function of frequency (Fig. 4c) shows that 90% of the total temperature change can be measured 
at a temporal resolution of 1 Hz.

Summary
We show millisecond measurements of temperature, combined with a spatial resolution on the micro scale over 
a sub millimetre field of view. Simultaneous temporal measurements are provided with an accuracy of ±0.03 K 
on a fabricated EYT glass substrate. We showcase our fast micron-scale thermal sensing modality by measuring 
changes in temperature during evaporation of a droplet of water. The sensing platform was able to build up a 
temperature map that is able to distinguish the thermal gradient within the droplet. Over a total time period 
of 80 s, with measurements acquired at 1 s intervals, we measured a temperature decrease of 6.97 K due to the 
cooling effect of a water droplet. This result is also in agreement with our mathematical model, that assumes mass 
flux as the main observable component behind evaporation of sessile water droplet. In future applications, we 
anticipate that our temperature sensing approach may have value in measuring small scale temperature changes 
in fundamental processes in biological and chemical systems.



7

Vol.:(0123456789)

Scientific Reports |        (2024) 14:15084  | https://doi.org/10.1038/s41598-024-65529-9

www.nature.com/scientificreports/

Data availibility
All data generated or analysed during this study are included in this published article and its nnnn information 
files. Any RAW datasets can be made available from the corresponding author upon reasonable request.

Received: 21 July 2023; Accepted: 20 June 2024

References
 1. Pomfret, M. B., Steinhurst, D. A., Kidwell, D. A. & Owrutsky, J. C. Thermal imaging of solid oxide fuel cell anode processes. J. 

Power Sources 195, 257–262 (2010).
 2. Popescu, C. Selfheating and thermal runaway phenomena in semiconductor devices. Solid-State Electron. 13, 441–450 (1970).
 3. Shenai, K., Scott, R. S. & Baliga, B. J. Optimum semiconductors for high-power electronics. IEEE Trans. Electron Devices 36, 

1811–1823 (1989).
 4. Hordijk, W. & Steel, M. Detecting autocatalytic, self-sustaining sets in chemical reaction systems. J. Theor. Biol. 227, 451–461 

(2004).
 5. Chretien, D. et al. Mitochondria are physiologically maintained at close to 50 C. PLoS Biol. 16, e2003992 (2018).

Figure 4.  (a) A thermal distribution model of EYT glass given a water droplet placed on the top surface with a 
temperature of 289.1 K. (b) The ideal heat transfer model and PSF calculations for the temperature distribution 
along the top surface of the glass given that all other surfaces are set to an ambient room temperature of 294 
K. (c) The maximum measurable temperature difference for a harmonic oscillating heat source at varying 
frequency regimes. The heat source is centred at 294.1 K with an amplitude of 5 K (inset 1 Hz and 10 Hz) where 
we show measurements above ≈ 1 Hz have the least variance in temperature suggesting the temporal limitations 
of the system are from 1 Hz and below.



8

Vol:.(1234567890)

Scientific Reports |        (2024) 14:15084  | https://doi.org/10.1038/s41598-024-65529-9

www.nature.com/scientificreports/

 6. Toutouzas, K. et al. A new non-invasive method for detection of local inflammation in atherosclerotic plaques: Experimental 
application of microwave radiometry. Atherosclerosis 215, 82–89 (2011).

 7. Kokate, J. Y. et al. Intravascular temperature sensor (2003). US Patent 6514214.
 8. Arai, S. et al. Mitochondria-targeted fluorescent thermometer monitors intracellular temperature gradient. Chem. Commun. 51, 

8044–8047 (2015).
 9. Homma, M., Takei, Y., Murata, A., Inoue, T. & Takeoka, S. A ratiometric fluorescent molecular probe for visualization of mito-

chondrial temperature in living cells. Chem. Commun. 51, 6194–6197 (2015).
 10. Arai, S., Lee, S.-C., Zhai, D., Suzuki, M. & Chang, Y. T. A molecular fluorescent probe for targeted visualization of temperature at 

the endoplasmic reticulum. Sci. Rep. 4, 6701 (2014).
 11. Kiyonaka, S. et al. Genetically encoded fluorescent thermosensors visualize subcellular thermoregulation in living cells. Nat. 

Methods 10, 1232–1238 (2013).
 12. Li, C., Liu, J., Alonso, S., Li, F. & Zhang, Y. Upconversion nanoparticles for sensitive and in-depth detection of cu 2+ ions. Nanoscale 

4, 6065–6071 (2012).
 13. Li, S., Zhang, K., Yang, J.-M., Lin, L. & Yang, H. Single quantum dots as local temperature markers. Nano Letters 7, 3102–3105 

(2007).
 14. Benayas, A. et al. PbS/CdS/ZnS quantum dots: A multifunctional platform for in vivo near-infrared low-dose fluorescence imag-

ing. Adv. Funct. Mater. 25, 6650–6659 (2015).
 15. del Rosal, B. et al. Infrared-emitting QDs for thermal therapy with real-time subcutaneous temperature feedback. Adv. Funct. 

Mater. 26, 6060–6068 (2016).
 16. Yang, J., Ling, Z., Li, B. Q., Li, R. & Mei, X. Nanoscale 3D temperature gradient measurement based on fluorescence spectral 

characteristics of the cdte quantum dot probe. Optics Express 27, 6770–6791 (2019).
 17. Kucsko, G. et al. Nanometre-scale thermometry in a living cell. Nature 500, 54 (2013).
 18. Righini, G. C. & Ferrari, M. Photoluminescence of rare-earth—Doped glasses. La Rivista del Nuovo Cimento 28, 1–53 (2005).
 19. Zhang, H. et al. Highly reliable all-fiber temperature sensor based on the fluorescence intensity ratio (fir) technique in er 3+/yb 

3+ co-doped nayf 4 phosphors. J. Mater. Chem. C 7, 15269–15275 (2019).
 20. Skripka, A. et al. Double rare-earth nanothermometer in aqueous media: Opening the third optical transparency window to 

temperature sensing. Nanoscale 9, 3079–3085 (2017).
 21. Schartner, E. & Monro, T. Fibre tip sensors for localised temperature sensing based on rare earth-doped glass coatings. Sensors 

14, 21693–21701 (2014).
 22. Musolino, S. et al. Portable optical fiber probe for in vivo brain temperature measurements. Biomed. Optics Express 7, 3069–3077 

(2016).
 23. Li, J. et al. Miniaturized single-fiber-based needle probe for combined imaging and sensing in deep tissue. Optics Lett. 43, 1682–

1685 (2018).
 24. Wiwatowski, K. et al. Single up-conversion nanocrystal as a local temperature probe of electrically heated silver nanowire. Nanoscale 

15, 10614–10622 (2023).
 25. Vetrone, F., Boyer, J.-C., Capobianco, J. A., Speghini, A. & Bettinelli, M. 980 nm excited upconversion in an Er-doped ZnO-TeO2 

glass. Appl. Phys. Lett. 80, 1752–1754 (2002).
 26. Wu, N. et al. Er-based luminescent nanothermometer to explore the real-time temperature of cells under external stimuli. Small 

18, 2107963 (2022).
 27. Aigouy, L., Tessier, G., Mortier, M. & Charlot, B. Scanning thermal imaging of microelectronic circuits with a fluorescent nano-

probe. Appl. Phys. Lett. 87, (2005).
 28. Haouari, M., Maaoui, A., Saad, N. & Bulou, A. Optical temperature sensing using green emissions of er3+ doped fluoro-tellurite 

glass. Sensors Actuators A Phys. 261, 235–242 (2017).
 29. Aubin, J. Autofluorescence of viable cultured mammalian cells. J. Histochem. Cytochem. 27, 36–43 (1979).
 30. Huang, Z. et al. Laser-induced autofluorescence microscopy of normal and tumor human colonic tissue. Int. J. Oncol. 24, 59–63 

(2004).
 31. Wang, X. et al. Optical temperature sensing of rare-earth ion doped phosphors. RSC Adv. 5, 86219–86236 (2015).
 32. Capelo, R. G., Santos Baltieri, R., de Oliveira, M. & Manzani, D. Exploring the influence of znf2 on zinc-tellurite glass: Unveiling 

changes in oh content, structure, and optical properties. ACS Omega 8, 35266–35274 (2023).
 33. Yusof, N., Ghoshal, S. K. & Arifin, R. Improved self-cleaning and spectral features of erbium doped tellurite glass with titania 

nanoparticles sensitization. in Solid State Phenomena, vol. 268, 48–53 (Trans Tech Publ, 2017).
 34. Oermann, M. R., Ebendorff-Heidepriem, H., Li, Y., Foo, T.-C. & Monro, T. M. Index matching between passive and active tellurite 

glasses for use in microstructured fiber lasers: Erbium doped lanthanum-tellurite glass. Optics Express 17, 15578–15584 (2009).
 35. Tabanli, S. & Eryurek, G. Optical investigation of er3+ and er3+/yb3+ doped zinc-tellurite glass for solid-state lighting and optical 

thermometry. Sensors Actuators A Phys. 285, 448–455 (2019).
 36. Borodulin, V., Letushko, V., Nizovtsev, M. & Sterlyagov, A. The surface temperature of free evaporating drops. J. Phys. Conf. Series. 

3, 032018 (IOP Publishing, 2016).
 37. Borodulin, V. Y., Letushko, V., Nizovtsev, M. & Sterlyagov, A. Determination of parameters of heat and mass transfer in evaporating 

drops. Int. J. Heat Mass Transfer 109, 609–618 (2017).
 38. Picknett, R. & Bexon, R. The evaporation of sessile or pendant drops in still air. J. Colloid Interface Sci. 61, 336–350 (1977).
 39. Zang, D., Tarafdar, S., Tarasevich, Y. Y., Choudhury, M. D. & Dutta, T. Evaporation of a droplet: From physics to applications. Phys. 

Rep. 804, 1–56 (2019).
 40. Sun, Q., Klaseboer, E., Khoo, B. C. & Chan, D. Y. A robust and non-singular formulation of the boundary integral method for the 

potential problem. Eng. Anal. Boundary Elements 43, 117–123. https:// doi. org/ 10. 1016/j. engan abound. 2014. 03. 010 (2014).
 41. Seybert, A. F., Soenarko, B., Rizzo, F. J. & Shippy, D. J. A special integral equation formulation for acoustic radiation and scattering 

for axisymmetric bodies and boundary conditions. J. Acoustical Soc. Am. 80, 1241–1247. https:// doi. org/ 10. 1121/1. 393817 (1986).

Acknowledgements
The authors acknowledge the scientific and technical assistance of the Australian CNBP facilities. This work 
has been supported by Australian Research Council Grants LP150100657, FT160100357, FT180100343, 
DE150100169 and CE140100003. This work was performed in part at the OptoFab node of the Australian 
National Fabrication Facility utilizing Commonwealth and SA State Government funding. RAM is supported 
by an NHMRC Development Grant (APP1178912) and NHMRC Ideas grant (2002254). Heike Ebendorff-Hei-
depriem is supported by a South Australian Government Future Industry Making Fellowship.

Author contributions
D.S wrote the main manuscript and prepared results for figures 1-3. E.P.S provided technical information and the 
EYT glass sample used in this publication. Q.S provided theoretical modelling shown in figures 3 & 4 and wrote 

https://doi.org/10.1016/j.enganabound.2014.03.010
https://doi.org/10.1121/1.393817


9

Vol.:(0123456789)

Scientific Reports |        (2024) 14:15084  | https://doi.org/10.1038/s41598-024-65529-9

www.nature.com/scientificreports/

technical information supplied in appendix B. I.S.M provided technical feedback on theoretical modelling in 
figure 3. R.A.M contributed to text in "Measurement system and technical detail" & "Calibration" section. H.E.H 
provided significant technical information on figure 2 and wrote text in "Introduction" section. A.D.G provided 
technical information for figures 1-3 and wrote text in "Proof of concept, an evaporating water droplet" section. 
All authors reviewed this manuscript.

Competing interests 
RAM is a co-founder and director of Miniprobes Pty Ltd, a company that develops novel optical imaging sys-
tems. Miniprobes Pty Ltd. did not contribute to this study and does not declare any competing interests with the 
authors. The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 024- 65529-9.

Correspondence and requests for materials should be addressed to D.S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2024

https://doi.org/10.1038/s41598-024-65529-9
https://doi.org/10.1038/s41598-024-65529-9
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Continuous spatial field confocal thermometry using lanthanide doped tellurite glass
	Measurement system and technical detail
	Calibration
	Proof of concept, an evaporating water droplet
	Thermal transport model
	Summary
	References
	Acknowledgements


