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Main text

Although microsystems are increasingly subject to thermal challenges, there is no reliable contactless way to measure the temperature within a device for all types of materials.

In most cases, surface measurements performed by detecting the reflection of a light beam [START_REF] Norris | Femtosecond pump-probe nondestructive examination of materials (invited)[END_REF][START_REF] Anufriev | Quasi-Ballistic Heat Conduction due to Lévy Phonon Flights in Silicon Nanowires[END_REF][START_REF] Yazawa | Fast Transient and Steady State Thermal Imaging of CMOS Integrated Circuit Chips Considering Package Thermal Boundaries[END_REF][START_REF] Cahill | Thermometry and Thermal Transport in Micro/Nanoscale Solid-State Devices and Structures[END_REF] or the infrared (IR) [START_REF] Cernuschi | In-plane thermal diffusivity evaluation by infrared thermography[END_REF][START_REF] Groz | Thermal resistance field estimations from IR thermography using multiscale Bayesian inference[END_REF][START_REF] Breitenstein | Microscopic lock-in thermography investigation of leakage sites in integrated circuits[END_REF] emission from the surface are coupled to thermal models and inverse methods to estimate the temperature in buried layers and thermal properties such as thermal diffusivity [START_REF] Bedoya | Measurement of in-plane thermal diffusivity of solids moving at constant velocity using laser spot infrared thermography[END_REF] or thermal contact resistance between layers [START_REF] Chassain | Bayesian Estimation of Thermal Properties Using Periodically Pulsed Photothermal Radiometry: A Focus on Interfacial Thermal Resistances between Layers[END_REF]. However, these approaches are often developed for opaque surfaces and quantitative measurements in semitransparent media proves more challenging. In these materials, the volume of the sample contributes to the proper emission measured in IR thermography and an apparent emissivity [START_REF] Gieseler | Apparent emissivity measurement of semi-transparent materials part 2: Theoretical concept[END_REF] or emittance [START_REF] Jeon | Simultaneous measurement of emittance, transmittance, and reflectance of semitransparent materials at elevated temperature[END_REF] needs to be defined. Furthermore, the camera needs to be calibrated and background noise from the environment need to be filtered out [START_REF] Gieseler | Apparent emissivity measurement of semi-transparent materials part 1: Experimental realization[END_REF]. Although IR thermography is therefore not yet widely used, several works have either focused on measuring the emittance [START_REF] Gieseler | Apparent emissivity measurement of semi-transparent materials part 1: Experimental realization[END_REF][START_REF] Rozenbaum | A spectroscopic method to measure the spectral emissivity of semi-transparent materials up to high temperature[END_REF][START_REF] Adibekyan | Review of PTB Measurements on Emissivity, Reflectivity and Transmissivity of Semitransparent Fiber-Reinforced Plastic Composites[END_REF] or on the thermal diffusivity of the material. Despite these studies, developments of contactless measurement of the 3D temperature field in semitransparent media remain necessary. This is especially true in the IR spectral range, particularly from 2 to 5 µm. With the strong development of microsystems semi-transparent in that spectral range, such as microfluidic chips, electronic devices, energy generation and storage devices like micro-batteries and supercapacitors, there is an increasing need for operando temperature measurement within these systems. In a previous work, we have demonstrated the possibility to overcome the challenges inherent to semi-transparent media without the need for This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset.
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The origin of the thermotransmittance coefficient, 𝜅(𝜆), lies in the variation of the optical properties with temperature, and in particular the reflections at interfaces and the absorption in the material. The Lorentz oscillators model describes the response of the bound electrons to an electric field and allows the calculation of the relative permittivity and therefore the refractive index, based on electrons collectively acting as damped oscillators. The resulting temperature dependence of the refractive index then translates to a temperature dependence of the reflection and transmission. It can therefore appropriately model dielectric materials'

properties in the mid-IR range to obtain the wavelength dependent thermotransmittance coefficient. In our previous work, the wavelength was selected without consideration for the wavelength dependence of the thermotransmittance coefficient [START_REF] Bourgès | Infrared thermotransmittance-based temperature field measurements in semitransparent media[END_REF], which strongly limits the performance of this technique. However, another study focusing on a microfluidic chip highlighted the importance of the choice of wavelength for the simultaneous imaging of temperature and concentration [START_REF] Kakuta | Simultaneous imaging of temperature and concentration of ethanol-water mixtures in microchannel using near-infrared dual-wavelength absorption technique[END_REF]. Thus, it clearly appears that a phenomenological model to predict the thermotransmittance coefficient, and its extensive measurement in the mid-IR range would be of fundamental importance to strengthen the temperature measurements in semitransparent dielectric materials.

Therefore, this work aims at answering these needs by reporting the measurements of 𝜅 as a function of wavelength in the mid IR range, and by proposing a Lorentz oscillators model with thermodependent parameters to predict the value of 𝜅 as a function of wavelength. The experimental setup relies on an IR camera to detect the variations of transmission from an IR source through a Borofloat glass wafer heated at different temperatures [START_REF] Bourgès | Infrared thermotransmittance-based temperature field measurements in semitransparent media[END_REF]. We then introduce a semi-empirical expression of the transmittance based on Lorentz oscillators and compare the results to the transmission spectrum at ambient temperature. Finally, we introduce the temperature dependence in the model and fit the free parameters to the thermotransmittance coefficients measured at different wavelengths to obtain the thermotransmittance coefficient This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset. PLEASE CITE THIS ARTICLE AS DOI: 10.1063/5.0176689 spectrum between 3100 nm and 4600 nm and provide measurements to justify the choice of measurement wavelength.

The measurement process consists in using IR camera to detect the intensity of an IR beam that is transmitted through the sample of interest. As the temperature of the sample changes, so do the optical properties of the sample and the corresponding variation in the intensity of the transmitted beam is recorded; it can be expressed as follows:

𝛥𝛤(𝑡, ) 𝛤 0 () = 𝜅()𝛥𝑇(𝑡),
Eq. 1

where 𝛤 0 () is the transmittance at ambient temperature 𝑇 0 , 𝛥𝛤(𝑡, ) = 𝛤(𝑇, 𝑡, 𝜆) -𝛤 0 (𝜆) is the variation in the transmitted signal as a function of temperature at time t, 𝛥𝑇(𝑡) = 𝑇(𝑡) -𝑇 0 is the variation of temperature as a function of the same time 𝑡. Note that since the optical properties depend on the wavelength , so does the thermotransmittance coefficient and therefore the measured relative transmittance variation.

To measure the thermotransmittance signal, we use the setup shown in Figure 1. The illumination wavelength is selected using a diffraction grating monochromator (Bentham Instruments, TMc300) from a stabilized broadband infrared lamp (IR-Si217), before passing through a beam expander to adjust the diameter of the IR beam to match the sample dimensions.

The transmitted IR beam is then detected using an infrared camera (FLIR SC7000), equipped with an indium-antimonide (InSb) detector of 512×640 pixels, a pixel pitch of 15 µm, and a 50 mm focal length lens. The spectral range of the camera is λ ∈ [2.5 -5.5] µm, and the optical resolution is 107 µm/pixel in our experimental configuration.

This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset. PLEASE CITE THIS ARTICLE AS DOI: 10.1063/5.0176689 m 2 /s [START_REF] Williamson | A Compilation of thermal property data for computer heat-conduction calculations[END_REF][START_REF] Churchill | Correlating equations for laminar and turbulent free convection from a vertical plate[END_REF]. The procedure to obtain the thermal properties of the sample is detailed in our previous work [START_REF] Bourgès | Infrared thermotransmittance-based temperature field measurements in semitransparent media[END_REF]. The measured temperature variation field Δ𝑇(𝑟) after demodulating the thermotransmittance signal at frequency 𝑓 𝑇 is shown in Fig. 1c.

The first step in comprehending the temperature dependency of transmission though a semitransparent sample consists in modeling the optical properties and calibrating the setup.

The optical behavior of the materials can then be predicted and the most thermally sensitive wavelengths can be identified to optimize experimental studies.

To determine the total transmittance of a slide of thickness 𝐿, we need to consider (i) the reflections at the sample interfaces, (ii) the absorption in the material and (iii) the contribution This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset. PLEASE CITE THIS ARTICLE AS DOI: 10.1063/5.0176689

of multiple reflections that occur within the slide [START_REF] Hecht | Optics: International Edition[END_REF]. The total transmission coefficient, Γtot, is obtained by summing the contributions from multiple reflections as given in Equation 2:

Γ 𝑡𝑜𝑡 (𝜆) = (1 -𝑅(𝜆)) 2 × 𝑒 -α(𝜆)𝐿 × ∑ 𝑅(𝜆) 2(𝑞-1) ∞ 𝑞=1 𝑒 -2(𝑞-1)α(𝜆)𝐿 , Eq. 2
where the reflection coefficient R and the absorption  are given by the following equations:

𝑅(𝜔) = (𝑛 ′ (𝜔) -1) 2 + 𝑛 ′′2 (𝜔) (𝑛 ′ (𝜔) + 1) 2 + 𝑛 ′′2 (𝜔) , Eq. 3 α(𝜔) = 2ω𝑛 ′′ (𝜔) 𝑐 = 4π𝑛 ′′ (𝜔) λ ,
Eq. 4

where n' and n'' stand for the real and imaginary part of the refractive index 𝑛 ̃(ω) = 𝑛 ′ (𝜔) + 𝑖𝑛 ′′ (𝜔) and where the angular frequency is given by 𝜔 = 2𝜋𝑐/𝜆 , and c is the speed of light in vacuum (m/s).

Both parts can be calculated from the relative permittivity ε r ̃(ω) = ε ′ (𝜔) + iε ′′ (𝜔) with the following set of equations:

𝑛 ′ (𝜔) = √ √ε ′2 (𝜔) + ε ′′2 (𝜔) + ε ′ (𝜔) 2 ,
Eq. 5

𝑛 ′′ (𝜔) = √ √ε ′2 (𝜔) + ε ′′2 (𝜔) -ε ′ (𝜔) 2 .
Eq. 6

In our modeling approach, we assume that the dielectric properties of the transparent medium are well-described by a classical Lorentz oscillators' behavior that is characterized by the total permittivity. This complex value is the sum the dielectric constant 𝜀 ∞ and the contributions of This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset.
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several resonances processes, which can be modeled as a sum of oscillators. Each oscillator is then characterized by its resonance and plasma frequencies 𝜔 𝑂 and 𝜔 𝑝 , as well as a damping factor 𝛾. The resulting expression for the permittivity is given in Equation 7:

ε 𝑟 ̃(ω) = ε ∞ + ∑ ω 𝑝,𝑗 2 ω 0,𝑗 2 -ω 2 + 𝑖ωγ 𝑗 𝑗 Eq. 7
These parameters are not known a priori, and transmission measurements are required to set them. We use the setup shown in Fig. 1 at ambient temperature and sweep the wavelength of the monochromator over the detection range of our camera. The resulting transmission and reflection spectra are shown in Fig. 2. Several features are visible, such as three dips of varying depth in the transmission and a progressive decrease of the transmission at large wavelengths.

Therefore, we choose the resonant frequencies of the oscillators so that they correspond to the three dips as well as one chosen arbitrarily at a wavelength beyond 5000 nm to model the progressive decrease in transmission. The chosen values are reported in Table 1 and are in good agreement with the literature [START_REF] Davis | Quantitative infrared spectroscopic measurement of hydroxyl concentrations in silica glass[END_REF][START_REF] Tan | Determination of refractive index of silica glass for infrared wavelengths by IR spectroscopy[END_REF]. Although our values agree, note that the bound electrons resonances do not necessarily explain the physical or chemical origin of these bands, which have been explained at length in previous works, such as OH groups in oxide glasses [START_REF] Navarra | OH-related infrared absorption bands in oxide glasses[END_REF] or B2O3 and Na2O/K2O dopants [START_REF] Izawa | Optical attenuation in pure and doped fused silica in the ir wavelength region[END_REF].

Wavelength (nm) 2750 3620 3960 5500

Resonant frequency 𝜔 0 (rad/s) 6.85 × 10 14 5.20 × 10 14 4.76 × 10 14 3.43 × 10 14

Table 1. Identified resonant frequencies

Next, we perform an optimization to estimate all the remaining unknowns, namely the plasma frequencies, the damping rates and the dielectric constant. The latter was found to be 𝜀 ∞ = This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset. The result of the fit is shown in Fig. 2 alongside the measured spectrum. The approach of assimilating spring-bound electrons in the Lorentz oscillators model with several resonance frequencies gives results in good agreement with the experimental values, as the position, width and depth of the dips in transmission are well reproduced. However, the discrepancy observed between the measurement and the model for the transmission peak around 3300 nm suggests that other types of contributions are missing from the model such as that of free electrons [START_REF] Tompkins | Handbook of Ellipsometry[END_REF],
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or contributions that could be accounted for by a semi-quantic dielectric function model [START_REF] Sousa Meneses | Contribution of Semi-Quantum Dielectric Function Models to the Analysis of Infrared Spectra[END_REF].

Another possibility is that the visible and near infrared absorption peaks are not considered in the model, which could have a slight impact on the peak at 3300 nm. Several more complex models have been proposed [START_REF] Kitamura | Optical constants of silica glass from extreme This is the author's peer reviewed[END_REF][START_REF] Efimov | IR absorption spectra of vitreous silica and silicate glasses: The nature of bands in the 1300 to 5000 cm-1 region[END_REF][START_REF] Sousa Meneses | Causal Voigt profile for modeling reflectivity spectra of glasses[END_REF][START_REF] Sousa Meneses | Structure and lattice dynamics of binary lead silicate glasses investigated by infrared spectroscopy[END_REF] that account for various phenomena, and some of the spectral features were attributed to the fabrication process. More complex models have been developed in the literature to account for all the phenomena Nonetheless, despite the highly non-monotonous transmission spectrum of our sample, the absolute error, calculated as the difference between the measured and modeled value, remains below 10%. The best fit therefore This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset. Once we have identified all the parameters at ambient temperature, we investigate the thermal dependency of the refractive index and its impact on the transmittance of the material. For simplicity, we assume that the resonant frequencies, plasma frequencies and damping rates are first-order functions of temperature given by Eq. 8-10.
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ω 0 (𝑇) = ω 0 (𝑇 0 ) × (1 + α ω 0 Δ𝑇)

Eq. 8
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ω 𝑝 (𝑇) = ω 𝑝 (𝑇 0 ) × (1 + α ω 𝑝 Δ𝑇)
Eq. 9

γ(𝑇) = γ(𝑇 0 ) × (1 + α γ Δ𝑇)

Eq. 10

where ∆𝑇 = 𝑇 -𝑇 0 is the temperature variation (K) and 𝛼 𝜔 0 , 𝛼 𝜔 𝑝 and 𝛼 𝛾 the coefficients of thermal variation of the resonant frequencies, plasma frequencies and damping rates, respectively (K -1 ). The values at 𝑇 = 𝑇 0 correspond to the room-temperature values obtained in the previous section. For the plasma frequencies, the temperature dependence is primarily caused by the thermal expansion of the material that affects the electron density ne(T) [START_REF] Block | Tracking ultrafast hot-electron diffusion in space and time by ultrafast thermomodulation microscopy[END_REF].

To estimate the temperature coefficients for each resonance identified in the previous section, we need the experimental values of the thermotransmittance coefficient. We extract the thermotransmittance coefficient at each wavelength of interest using the method described in our previous work from the thermal fields shown in Fig. 1b,c. The variation of transmittance as a function of temperature is presented in Fig. 3a for the wavelength 𝜆 = 3300 nm and clearly shows a linear dependence. A linear regression then provides the thermotransmittance coefficient. Note that the higher dispersion in the thermotransmittance signal for large temperature variations correspond to pixels close to the contact area with the Peltier module used to modulate the temperature, where there is uncertainty about the exact position of the edge. We repeat the same procedure at selected wavelengths from 3100 nm to 4600 nm and plot the values of the thermotransmittance coefficient as a function of the wavelength.

The temperature-dependent model is then fitted to the thermotransmittance signal as a function of wavelength with a simplex minimization algorithm [START_REF] Nelder | A Simplex Method for Function Minimization[END_REF]. The resulting temperature coefficients are shown in Table 3. The modeled thermotransmittance as a function of wavelength is plotted in the range from 3000 nm to 5000 nm in Fig. 3b alongside the experimental values. The good agreement between the experimental values and the best fit from the model attests that our model is a good approximation to calculate the thermo-optical This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset. This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset. PLEASE CITE THIS ARTICLE AS DOI: 10.1063/5.0176689
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Since the intensity of the transmittance variation with temperature is represented by the absolute value of the thermotransmittance coefficient, we see from Fig. 3 that the relative variation of transmission as a function of temperature will increase for longer wavelengths in the range investigated in this study. More specifically, the thermotransmittance scales with the absorbance and an illumination wavelength matching an absorbance peakequivalent to a transmittance dipgives the highest value of the thermotransmittance coefficient. To elucidate the reason behind this, we first introduce a first order temperature dependence in the reflectance and in the absorption coefficient, similarly to what has been done for the optical parameters.

After injecting these new expressions in Eq. 2, we calculate the temperature dependent relative variation of transmittance, that is our thermotransmittance signal. The resulting expression can then be linearized to obtain

𝛥𝛤 𝛤 0 ≈ ( 2𝑅 0 𝜅 𝑟 1 -𝑅 0 -𝛼𝜅 𝛼 𝐿) 𝛥𝑇, Eq. 11
where 𝛤 0 is the initial transmittance at ambient temperature, 𝛥𝛤 is the variation of transmittance for a variation of temperature 𝛥𝑇, 𝜅 𝑟 and 𝜅 𝛼 are phenomenon-specific thermotransmittance coefficients from the reflectance and absorbance, with 𝜅 𝑟 expressed in K -1 and 𝜅 𝛼 expressed in K -1 . We can see from this expression that by measuring samples with identical properties but different thicknesses, it will be possible to accurately measure the relative contributions of reflectance and absorbance to the measured signal, which will be investigated in a future work.

Therefore, measurements will strongly vary based on the thickness of the sample. All the values of the thermotransmittance coefficient are given here in K -1 , and are thus valid for a given thickness of the materialthe thickness dependence of this coefficient will be the subject of a further study.

These observations do not necessarily mean that longer wavelengths are more appropriate to perform thermotransmittance measurements, as the response of the whole acquisition chain has to be considered (see its spectral transfer function in Fig. S5 of the This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset. PLEASE CITE THIS ARTICLE AS DOI: 10.1063/5.0176689 supplementary material). The measured signal variation indeed combines the relative variation due to temperature changes, but also the absolute value of the transmitted signal. The product of these two values, shown in Fig. 3c, shows a large dispersion in our particular sample but, although several wavelengths, both short and long, display high values, no single one stands out as the best choice for measurements. The measured intensity variation also depends on the transfer function of the whole acquisition chain, among which the sensitivity of the detector.

The total signal output by the camera as a function of wavelength, given in Fig. 3c, clearly highlights the best wavelengths to perform thermotransmittance measurements with our experimental setup, here around 4000 nm and 4400 nm for this particular sample. It is interesting to note the decrease in signal between the two curves of Fig. 3c around 4200 nm, which corresponds to the absorption peak of the CO2 present in the air. One of the interests of these spectroscopic measurements therefore lies in finding the wavelength at which the signal to noise ratio will be optimal.

In conclusion, we developed a semi-empirical model to estimate the temperature-dependent optical properties of dielectric materials, such as glass, in the mid-IR spectral range. The model is combined with thermotransmittance measurements that consist in measuring the temperaturedependent transmission through the material, to obtain the transmission and reflection spectra, as well as the thermotransmittance coefficient. This approach completes our previous work in which we have demonstrated the ability of thermotransmittance measurements to extract the temperature fields and thermal diffusivity of semi-transparent materials in the mid-IR spectral range. This work sheds light on how the thermotransmittance signal varies with the source wavelength and acquisition chain sensitivity.

More specifically, we have introduced here a formalism based on Lorentz oscillators and shown that a fit to the experimental data could help us choose an ideal wavelength for This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset. PLEASE CITE THIS ARTICLE AS DOI: 10.1063/5.0176689 thermotransmittance measurements. Even in the restricted spectral range of study in this work, the thermotransmittance vary by as much as a factor three, showing that there are potentially wavelengths at which some materials are sensitive and others not. This discrepancy can allow to distinguish the origin of the thermotransmittance signal at specific wavelengths in heterogeneous structures. Derivating our model further can also help predict the dependence over other parameters, such as the sample thickness. With this thickness dependence, it becomes possible to quantitatively assess the proportion of the thermotransmittance signal stemming from reflectance and that coming from the absorbance of the material, which will be detailed in a future work. Overall, this work expands our previous demonstration of thermotransmittance to spectroscopic measurements that combine with a simple semi-empirical model to optimize temperature imaging in semi-transparent media.

Figure 1 .

 1 Figure 1. a) Thermotransmittance measurement system. The light source, comprising an IR lamp and a monochromator, shines through a beam expander and through the sample, and is detected by an IR camera. The camera acquisition is synchronized to an optical chopper to alternatively acquire images with and without the IR beam. insert: The glass sample mounted on the annular Peltier module. b, c) Amplitude field of the modeled and measured temperatures.

  DOI: 10.1063/5.0176689 provides a basis for introducing the temperature dependence in the coefficients of the semiempirical model.

Figure 2 .

 2 Figure 2. Transmittance and reflectance spectra. a) Spectral transmittance and reflectance of the Borofloat wafer measured experimentally (solid lines) and modeled (dashed lines). The three resonances corresponding to the dips in transmittance are indicated with the dashed lines. b) Absolute error for both the transmittance and reflectance spectra.

4 Table 3 .Figure 3 .

 433 Figure 3. a) Relative variation of the transmittance as a function of the calculated temperature. b) Extracted thermotransmittance coefficient for different wavelengths and comparison to the temperature-dependent optical model output. c) Total transmitted signal arriving on the detector for a unitary temperature increase (circles, left) and corresponding signal weighed by the transfer function of the whole acquisition chain (triangles, right).
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	2.6 ± 0.3, again in agreement with the literature [31], and the remaining parameter values are
	given in Table 2. The details of the optimization and sensitivities to the different parameters are
	given in Supplementary Materials.	
	Wavelength 𝜆 (nm)	Plasma pulsation 𝜔 𝑝 (rad/s)	Damping rate 𝛾 (s -1 )
	2750	3.1 ± 0.3 × 10 12	3.3 ± 0.8 × 10 13
	3620	4.8 ± 0.2 × 10 12	2.5 ± 0.3 × 10 13
	3960	4.2 ± 0.5 × 10 12	3.8 ± 0.8 × 10 13
	5500	1.4 ± 0.4 × 10 13	1.2 ± 0.6 × 10 12

Table 2 .

 2 Best fit values of the plasma frequencies and the damping rates.
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Supplementary Material

The Supplementary Material presents a sensitivity analysis of the model and the fit parameters.