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Abstract 

The nonintrusive, realtime, and accurate measurement of the local temperature has applications in a 

variety of scenarios. This need has led to significant research to develop novel nanophotonic 

sensors. In this paper, a 3D-printed optofluidic chip is nano-engineered for local, contactless, and 

precise optical measurement of temperature in microfluidic channels using lanthanide-doped 

upconversion nanoparticles. Temperature sensing nano-emitters are doped in a UV-curable matrix 

and embedded into a microfluidic channel using maskless photolithography. Photoluminescence of 

NaYF4:Yb3+, Er3+ upconversion nanoparticles have two bands in the green spectrum in which the 

PL maximums at 521 nm and 541 nm are used for temperature sensing. Thus, enabling ratiometric 

temperature sensing when excited using near-infrared light, which is desirable for measurements in 

biological and biomedical settings. The functionality of the temperature sensor for local and 

nonintrusive measurements in a microalgae culture medium is demonstrated.  

Keywords: Lanthanide upconversion nano-emitters; Ratiometric sensing; Temperature sensor; 

Microfluidics; Microalgea. 

1. Introduction 

Temperature is one of the key parameters that plays a crucial role in various scientific and technical 

fields ranging from medical to engineering, and from domestic to industrial applications. The rapid 
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development of nanotechnology has led to the emergence of new nanomaterials for temperature 

sensing [1-4]. Nonintrusive temperature sensing based on photoluminescent materials has shown 

great promise for remote and localized measurement where the intensity, lifetime, or peak 

wavelength varies with temperature [5]. Although lanthanide (Ln) doped luminophores have been 

utilized for temperature sensing, they suffer from background noise since short-wavelength 

excitation light is required [6-9]. Recently, lanthanide-doped upconversion nanoparticles (UCNPs) 

have attracted a great deal of attention in applications that vary from optical imaging and 

photodynamic therapy in biomedical engineering to fabrication of anti-counterfeits, lasers, and 

displays [10]. This attention mainly rises from their multiple narrow emission bands, due to 4f-5d 

and intra-4f transitions, their highly stable emission, multiphoton excitation in the near-infrared 

(NIR) band, and large anti-Stokes shift. The narrow emission band in the lanthanides is the 

consequence of shielding of 4f electrons by 5s2 and 5p6 orbitals and therefore, low electron-photon 

coupling. In addition, their spectral emission is size-independent, which is determined by shielded 

4f energy levels, and exhibits a long lifetime due to the low probability of involved transitions with 

forbidden parity [11-14]. 

The UCNPs are usually comprised of a host matrix doped with sensitizer and activator ions [15]. 

Er3+, Yb3+, and Tm3+ ions are among the most efficient and commonly used Ln3+ ions for 

synthesizing UCNPs. Yb3+ ions are used as a sensitizer since they hold a single excited state, 

enabling energy transfer from the NIR excitation source to the activator ions. Er3+ and Tm3+ ions 

are used as activators, converting the low energy excitation photons to high energy photons via 

multiphoton absorption [16]. There are five mechanisms involved in photon upconversion (UC), 

including excited-state absorption (ESA), energy transfer upconversion (ETU), cooperative 

sensitization upconversion (CSU), cross-relaxation (CR), and photon avalanche (PA) [17]. UCNPs 

absorb two or more photons with low energy and convert them into a photon with higher energy at a 

lower wavelength through a nonlinear process. The energy transfer process occurs between two ions 

which involves successive absorption of two low energy photons and radiation of a high energy 
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photon. The first ion, known as the sensitizer, is excited from the ground state to its first excited 

state by the absorption of the first photon. The first excited state of the second ion, known as the 

activator, is in resonance with the first excited state of the first ion. Therefore, the first ion transfers 

its energy to the second ion while relaxing back to its ground state. Afterwards, the activator is 

excited to its second excited state by the absorption of the second photon. Consequently, the 

upconverted photon radiates from the second excited state while the activator returns to its ground 

state. The energy transfer step in the upconversion process is the reverse of the cross-relaxation 

process. In nature, the emission is dominantly down-conversion (DC), in which a high energy 

excitation photon is converted into a low energy emission photon [18]. This is due to a long lifetime 

of Ln3+ electronic states. Ln3+ doped UCNPs require a low-power and inexpensive continuous 

excitation laser source compared to their counterpart, which requires ultrafast high-power laser 

sources.  

Microfluidic chips have gained significant attention for providing a miniature environment for the 

reliable, portable, low-cost, and fast analysis of fluids [19]. Furthermore, they have also been 

implemented as micro-reactors for the synthesis of nanoparticles [20, 21]. Microfluidic chips are 

one of many applications that are in need of localized and contactless temperature sensing, for 

instance, in the synthesis of particles, polymerase chain reaction (PCR), [22, 23] and 

electrophoresis, where measurements are currently carried out outside the chip or the measurement 

range and sensitivity is limited. NaYF4: Yb3+, Er3+ is amongst the efficient UCNPs which has 

multiple emission bands in the green spectrum [24]. Thermal decomposition is one of the efficient 

methods that has been developed for synthesizing these UCNPs [25, 26]. The efficiency of the UC 

phenomenon is temperature-dependent, and the intensity of emission spectra changes in the 

physiological temperature range [27, 28]. Therefore, they are an excellent candidate to be used as 

nanophotonic temperature probes [29]. In this paper, we fabricate a NaYF4: Yb3+, Er3+ 

temperature-sensitive probe (TSP) embedded in an optofluidic chip using maskless 

photolithography for real-time, contactless, and continuous temperature measurement. We 
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demonstrate the capability of this nanophotonic sensor to locally measure the temperature in a range 

required for biological/biomedical applications. Recently, single celled green microalgae have 

attracted attention for numerous applications such as renewable energy, sequestering CO2 and waste 

water treatment, health products, fertilisers, and food productions. Temperature plays an important 

role in the efficient culture of microalgae, therefore, we implement the UCTSP for monitoring a 

Chlorella microalgae culture medium to demonstrate the functionality of the sensor in monitoring 

the temperature of a biological environment. 

2. Methods and instrumentation 

2.1 Synthesis of NaYF4:Yb3+, Er3+ UCNPs: At first 1.4 mmol of acetate hydrate salts of Y, 0.6 

mmol of Yb, and 0.01 mmol of Er were mixed with oleic acid and octadecene and heated up to a 

temperature of 120 °C and then cooled down to 50 °C under vacuum conditions. Afterward, a 

mixture of NaOH and NH4F in methanol was added stirred. In the next step, this mixture was 

heated to a temperature of 120 °C to evaporate the methanol solvent and heated quickly to 300 °C 

and maintained under argon gas at this temperature for 1.5 h. The solution was then cooled down to 

room temperature, and the NaYF4: Yb, Er UCNPs were precipitated by the addition of ethanol. 

Finally, they were separated by centrifugation at 6000 rpm, washed twice with ethanol, and re-

dispersed in Toluene. All chemicals were purchased from Sigma-Aldrich and Merck and used 

without any purification.  

2.2 TSP disk of UCNP/LOXEAL UV30-12: 50𝜇𝑚  of UCNPs was mixed with 0.15 g of 

LOXEAL UV30-12 photoresist and was casted on a pre-cleaned microscopic glass slide. 

Photolithography was performed for 20 s using a custom-made maskless lithography machine. 

Afterward, it was developed with an abundant amount of acetone. Subsequently, it was kept for 20 

min under the exposure of UV light in order to fully cure the disk pattern. 

2.3 Soft lithography: Pre-polymer PDMS was prepared by mixing 12 g of Sylgard 184 PDMS 

elastomer with 0.12 g of curing agent. Fabrication of the microfluidic channel was performed by 
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pouring pre-polymer PDMS liquid onto the 3D-printed mould and baking it for 40 min in an oven at 

the temperature of 80 °C. It was later peeled off the mould after spin-coating 100 𝜇m of curing 

agent with a spin speed of 3000 rpm. In the final stage, the microfluidic channel was placed onto the 

substrate including a disk-shape TSP and cured for 12 h at the temperature of 50 °C.  

3. Results and discussions 

NaYF4:Yb3+, Er3+ UC nano-emitters were synthesized using the thermal decomposition method 

and employed as TSPs. These UCNPs are excited by a 980 nm NIR laser light due to the location of 

their absorption band, which exhibits multiple narrow emission bands in different parts of the 

spectrum from NIR to UV [30]. NaYF4: Yb3+, Er3+ UCNP is comprised of a NaYF4 host which is 

doped with Yb3+ ions as sensitizers, transferring multiple low energy photons to Er3+ ions as an 

activator to emit a high energy photon. Yb3+ ions are selected as a sensitizer since they have a 

single excited state for absorption and transfer of the excitation photon to the Er3+ activator ions. 

Upon excitation with 980 nm photons, Yb3+ ions are excited to the 2F5/2 state and non-radiatively 

transfer the energy to Er3+ ions and finally relax back radiatively.!The photoluminescence spectrum 

of the NaYF4: Yb3+, Er3+ UCNPs is shown in Figure 1a. There are emission peaks at 409 nm, 521 

nm, 541nm, and 658nm, corresponding to different transitions, and the overall emission appears as 

a green color. 2F5/2 energy state of Yb3+ ions in NaYF4: Yb3+, Er3+ UCNPs overlaps with the 4I11/2 

state of Er3+ ions. Therefore, Er3+ ions are excited to 4F7/2 by two consecutive transitions from Yb3+ 

ions before relaxation to 4I15/2 ground state takes place. Thus, two emissions occur with green-

yellow and red colors corresponding to the transitions from 2H11/2, 4S3/2, and 4F9/2 states to the 

ground state of 4I15/2, respectively. TEM image of hexagonal NaYF4:Yb3+, Er3+ UCNPs is depicted 

in Figure 1b.  
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Figure 2a depicts the stability of the PL intensity during 1 h continuous excitation with an excitation 

power of 443.2 mW, measured using Thorlabs CCD100 spectrometer. Intensity deviation for 541 

nm is approximately 1.3%, which is a very positive result for such a relatively long time span, and 

excitation power, that cannot be tolerated by organic luminophores. The temperature response of 

the UCNPs as TSPs was investigated by heating them in an aqueous medium and monitoring their 

spectral change. To this end, a disk-shaped TSP comprised of UCNPs doped in LOXEAL UV-12 

was prepared on a glass substrate. The TSP was located in a plexiglass gauge with a volume of 32 

ml filled with temperature-controlled water flowing from a circulating reservoir at a rate of 43 

ml/min. A Dallas Semiconductor DS18B2 temperature probe, TEC1-12715 peltier, and UNO 

Arduino microcontroller were used for temperature management. Figure 2b depicts the thermal 

response of the PL spectrum of the UCTSPs when excited by a CNI laser at 980 nm laser beam with 

a power of 765 mW. The monitored temperature rises from 20 °C to 41 °C in a 1 h time span. The 

PL intensity of the right side band from 535 nm to 565 nm, associated with the 4S3/2 to 4I15/2 

transition, is highly temperature-dependent and depleted by increasing the temperature, while the 

intensity of the left side band, associated with 2H11/2 to 4I15/2 transition, remains constant. Thus, they 

are an excellent candidate for ratiometric temperature sensing. The observed reduction in PL 

intensity with increasing temperature is attributed to phonon-assisted de-excitation in the UCTSPs. 

Figure 3 illustrates the ratiometric measurement of the PL for peaks at 521 nm and 541 nm versus 

temperature. The square markers representing the experimental data when the temperature is varied 

from 24 °C to 44 °C, and the blue line represents a linear fit. Equation 1 describes the relationship 

between the ratio of intensities at 521 nm and 541 nm and the temperature: 

𝑅 = !!"#
!!$#

= 𝐴𝑒
%&'
()           (1) 

In this equation, A is a constant, ∆𝐸 is the energy gap between the corresponding energy levels, k is 

the Boltzmann constant, and T is the temperature in Kelvin. In Figure 3, the equation that represents 

the fitted line is given by 𝐿𝑛(𝑅) = 1.79 − ("#$%."
'

). Thus, the temperature-dependent sensitivity is 
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given by S  =  !"
!#

 = R ( ∆E
K("

) [31-34], and as a result the maximum sensitivity is 0.0023 K-1 at 317 K. 

In this process, we calculate the work function of the TSP sensor, which enables its usage in the 

microfluidic channel. 

The UCTSP was embedded in a microfluidic channel as shown in Figure 4 to locally, remotely, and 

in realtime analyze the temperature in the channel and demonstrate the temperature difference 

between the gauge and microfluidic channel. Therefore, a mould of an optofluidic channel was 

designed in Blender and thereafter fabricated using an LCD 3D Printer based on a ceramic resin. 

The resolution in the XY plane was 25 𝜇m, and 50 𝜇m in the Z-direction. !The 3D-printed mould 

was used for the fabrication of PDMS microfluidics. Thus, soft-lithography based on Sylgard 184 

PDMS elastomer from Dow Corning was used to fabricate the microfluidic channel. The disk-

shaped TSP with a diameter of 1.8 mm and thickness of 200 𝜇m was fabricated on a plexiglass 

substrate by doping NaYF4: Yb3+, Er3+ UCNPs in UV-12 resist, and subsequently, maskless 

photolithography of the nanocomposite mixture was carried out for 20 s. Afterward, the substrate 

was spin-coated with 100 μL of Dow Corning curing agent with a spin-speed of 3000 rpm, and the 

PDMS microfluidic was gently adhered to the substrate and cured at 50 ˚C for 12 h. 

The optical setup for remote and real-time temperature sensing in the optofluidic chip using UCTSP 

is shown in Figure 5a. A low-range peristaltic pump, TH10A from Ditron controlled by an Arduino 

UNO microcontroller was used to create a laminar water flow in the channel. The tunable 980 nm 

CW laser was employed to excite the UCTSP. In order to capture any air bubbles, a 0.4 𝜇𝑚 

hydrophilic filter was used between the peristaltic pump and the microfluidic chip. In this 

experiment, the temperature of the UCTCPs is increased from 24 ˚C to 50 ˚C using a peltier heater. 

The PL emission was collected by Thorlabs CCD compact spectrometer with an integration time of 

4s. Figure 6a depicts the comparison of temperatures in the microfluidic channel and the water 

reservoir. For instance, when the temperature in the reservoir is 29 ˚C, a temperature of 26.6 ˚C is 

measured in the microfluidic channel. This difference in temperature is more pronounced at higher 
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temperatures as shown in Figure 6a. Therefore, the localized measurement of temperature based on 

UCTSPs enables the precise measurement of the temperature in the microfluidic chip. A 

repeatability test was carried out for Chlorella microalgae medium in the temperature range of 25 

˚C to 30 ˚C to investigate its reliability. Microalgae are the most common oxygenic organism in the 

aquatic ecosystem playing a crucial role in the first level of the food chain in lakes and rivers. They 

have evolved for the past 3 billion years to exploit the enormous energy output of the sun by relying 

on their light-harvesting complex proteins [35, 36]. The repeatability is calculated using the 

following equation [37-39] 

𝑅 = 1 − (*+,|./0.1|)
./

         (2) 

where 𝛥𝑐  is mean value of intensity ratio 𝐿𝑛 !!"#
!!$#

 and 𝛥𝑖  is the value of each thermometric 

measurement. Figure 6b shows a repeatability of 99.8%  was achieved for the tests. 

4. Conclusions 

Contactless, real-time and precise detection of temperature in optofluidic channels is of high 

importance. Highly-stable lanthanide-doped upconversion nanoparticles with Er3+ activator and 

Yb3+ sensitiser was demonstrated to be employed as nanophotonic temperature sensitive probe 

(TSP) with a linear response over a wide temperature range, corresponding specially with the 

physiological temperature range. Furthermore, using near-infrared light for sensor excitation 

improves the effects of background noise and therefore, allows for greater accuracy in the optical 

measurements. The TSPs were embedded in a 3D-printed microfluidic chip using soft 

photolithography to monitor the temperature of Chlorella microalgea culture medium. A 

temperature difference between the microfluidic chip and culture medium reservoir was identified, 

which emphasizes the importance of nonintrusive and localized temperature measurements for 

fluidic flows within microfluidic channels. 
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Figure 1. a) PL spectrum of NaYF4: Yb3+, Er3+ UCNPs excited using a 980 nm laser beam. Inset shows 

the emitting color of UCNPs, b) TEM image of NaYF4: Yb3+, Er3+ UCNPs in hexagonal shape. 

a) b) 
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Figure 2. a) Excellent stability of peaks at 521 nm and 541 nm after 60 min excitation using 980nm laser 
beam, b) Change in PL spectrum of UC TSP when heated. The band on the left side is temperature-
independent and the band on the right-hand side is temperature-dependent. 

a) b) 
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Figure 3. Ratiometric calibration work-function of TSP based on linear fitting of intensities at 521 nm over 
541 nm  in an aqueous medium. 
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Figure 4. Schematic demonstration of nanophotonic temperature sensing in microfluidic channels based on 
UCTSP.  
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Figure 5. a) The optical setup used for measuring fluorescence of NaYF4: Yb3+, Er3+ nanocomposite film 
containing 980 nm laser, beamsplitter, lenses, water reservoir, temperature controller and spectrometer, b) 
image of microfluidic channel embedded UC TSP. 

a) b) 
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Figure 6. a) Comparison of temperature in microfluidic channel and water reservoir, b) repeatability in 
UCTSP. 

a) b) 
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