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Abstract

Thermal considerations affect the performances of most microsystems. Although surface
techniques can give information on the thermal properties within the material or about buried
heat sources and defects, mapping temperature and thermal properties in three-dimension (3D)
is critical and has not been addressed yet. Infrared thermography, commonly used for opaque
materials, is not adapted to semitransparent samples such as microfluidic chips or
semiconductor materials in the infrared range. This work aims at answering these needs by
using the variations of transmittance with temperature to obtain information on the temperature
within the thickness of the sample. We use a tunable mid-infrared light source combined with
an infrared camera to measure these variations of transmittance in a glass wafer. We couple this
technique with a thermal model to extract the thermotransmittance coefficient — the coefficient
of temperature variation of the transmittance. We then introduce a semi-empirical model based
on Lorentz oscillators to estimate the temperature-dependent optical properties of our sample

in the mid-IR spectral range. Combined with the measurements, this paper reports both
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explanation and prediction of the spectroscopic behavior of the thermotransmittance coefficient

in the mid-IR range

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 [1—
4] or the infrared (IR) [5—7] 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 [8] or thermal contact resistance between layers [9]. However, these
approaches are often developed for opaque surfaces and quantitative measurements in semi-
transparent 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 [10] or emittance [11] needs to be defined. Furthermore, the camera needs to be
calibrated and background noise from the environment need to be filtered out [12]. Although
IR thermography is therefore not yet widely used, several works have either focused on
measuring the emittance [12—14] 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 pm. 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
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emittance measurements by performing temperature measurements based on the
thermotransmittance technique in the mid-IR range [15].

Thermotransmittance consists in illuminating the sample of interest with a light source
and measuring the signal transmitted through that sample. When the sample is subjected to
temperature variations, its optical properties vary locally where temperature changes. This will
in turn be detected as a change in the transmitted signal that can be approximated as a first-
order function of the temperature. There is therefore a proportionality coefficient between the
temperature change and the corresponding transmittance variation, which we call the
thermotransmittance coefficient x (1), where A stands for the wavelength. This change in the
optical properties related to a change in temperature is often used in the visible or near-IR range
in thermoreflectance or thermotransmittance [16,17] and preliminary studies have
demonstrated thermotransmittance measurements in both the mid-IR [18] and terahertz [19]
spectral ranges. Since the thermotransmittance signal can be affected by both surface
reflectance variations and absorbance variations, its potential applications span many materials.
Kakuta et al. [20,21] have investigated the temperature dependence of the absorption in water-
ethanol mixtures in the near-IR and used the thermal dependence of the absorption to study
convection phenomena [22,23] and temperature fields [24] in aqueous solutions. Yu et
al. [25,26], on the other hand, have studied the absorption spectrum of fused silica fiber optics
in the near infrared (1000 — 2500 nm) as a function of temperature, focusing on the hydroxyl
groups. The relative lack of data concerning the thermotransmittance and the optical properties
of materials in the mid-IR, however, illustrates the need for reliable measurements of the
thermotransmittance coefficient, but also for a way to predict it. This is all the more problematic
that the measurement of temperature relies on the a priori knowledge of this coefficient. To
enable accurate predictions, the mechanisms behind the thermotransmittance coefficient should

therefore be clarified.
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The origin of the thermotransmittance coefficient, k(4), 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 [15], 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 [21]. 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 semi-
transparent dielectric materials.

Therefore, this work aims at answering these needs by reporting the measurements of «
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 k 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 [15]. 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
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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:

D _ marce), o1
A®)

where I (4) is the transmittance at ambient temperature Ty, AI'(t, 1) = I'(T,t, 1) — I;(A) is
the variation in the transmitted signal as a function of temperature at time t, AT (t) = T(t) — T,
is the variation of temperature as a function of the same time t. Note that since the optical
properties depend on the wavelength A, 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 512x640 pixels, a pixel pitch of 15 um, and a
50 mm focal length lens. The spectral range of the camera is A € [2.5 — 5.5] um, and the optical

resolution is 107 um/pixel in our experimental configuration.
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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, ¢) Amplitude field of the modeled and measured temperatures.

The signal S measured by the camera is the sum of the proper emission E of the scene and the
IR beam transmitted by the sample I,i.e., S = E + I. As we are only interested in variations
of I, the source chopping method is employed to separate these contributions: the chopper
opening provides S, while its closing provides only the radiations from the scene E. The camera
acquisition frame rate is synchronized at twice the chopper frequency 2f,. To retrieve I, two

successive frames are subtracted, assuming no variation in the proper emission intensity
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between these two frames, and the process is repeated every two frames. This hypothesis is
valid only if the chopper frequency f; is very large in front of the thermal variations’ frequency
fr. Therefore, we set fc much larger than fr, with f, = 25 Hz and f; = 5 mHz.

To demonstrate this method, we use a wafer of Borofloat® 33 glass, which is a semitransparent
insulator within the camera's spectral range. The sample has a diameter of d = 50.8 mm and
athickness of L = 515 + 10 um. To measure the variations of the transmitted intensity as a
function of temperature, we use an annular Peltier module to modulate the temperature of the
sample around T at the frequency fr: T(t, 1) = Ty + AT () cos(2rfrt), with r the distance
from the center of the sample. The thermal connection between the sample edges (r > 1) and
the inner edge of the Peltier module is ensured by thermal paste. A separate temperature
monitoring of the sample is achieved via a thermocouple combined with a custom-made
LabView software. The amplitude variation of the temperature is set to 20 K at the inner edge
of the Peltier module (r = ro). The corresponding calculated temperature map is shown in Fig.
Ib for a thermal diffusivity fixed at the measured value of a = 8.2 + 0.7 x 1077
m?/s [27,28]. The procedure to obtain the thermal properties of the sample is detailed in our
previous work [15]. The measured temperature variation field AT (r) after demodulating the

thermotransmittance signal at frequency fr 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



of multiple reflections that occur within the slide [29]. The total transmission coefficient, I'ior,
is obtained by summing the contributions from multiple reflections as given in Equation 2:

Tioe (D) = (1 — R(D))? x e~ “DE x Z R(A)z(q_l) e~2@-Da@L Eq.2
q=1

where the reflection coefficient R and the absorption o are given by the following equations:

' (w) = 1D +n'"*(w)
(n'(w) + 1)2 + n'"2(w)’

R(w) =

20n" (w)  4mn'" (w)
a(w) = c - A

Eq. 4

where n” and n’” stand for the real and imaginary part of the refractive index 7i(w) = n'(w) +
in" (w) and where the angular frequency is given by w = 2mc/2, and ¢ is the speed of light in
vacuum (m/s).

Both parts can be calculated from the relative permittivity £.(w) = €'(w) + ie'' (w) with the

following set of equations:

() = \}\/8’2((1}) +¢"2(w) + s’((u)' £

2

n”(a)) — \/V Elz(w) + 8”2(0)) - E’((l)). Eq.6

2

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 &, and the contributions of
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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 w, and w,, as well as a damping
factor y. The resulting expression for the permittivity is given in Equation 7:

2
w. .
~ p.J
&(w) =¢gn + Z Eq.7
J

2 2 1 i
Wy, w* + lwY;

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 [30,31]. 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 [32] or

B203 and Na20/K20 dopants [33].

Wavelength (nm) H 2750 ‘ 3620 ’ 3960 ‘ 5500

5.20 x 10 | 4.76 x 10 | 3.43 x 10%*

Resonant frequency w, (rad/s) H 6.85 x 1014

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 &, =



AIP
é Publishing

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 A (nm) Plasma pulsation wy, (rad/s) Damping rate ¥ (s™')
2750 3.1+0.3x 102 3.3+0.8x 103
3620 484 0.2 x 10*2 2.5+ 0.3 x10%3
3960 4.2+ 0.5 x 1012 3.8+ 0.8 x 103
5500 1.4+ 0.4 x 10%3 1.2 + 0.6 x 10%?

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

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 [34],
or contributions that could be accounted for by a semi-quantic dielectric function model [35].
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 [36—39] 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
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provides a basis for introducing the temperature dependence in the coefficients of the semi-

empirical model.
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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.

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.

0o(T) = wo(Tp) X (1 + 0, AT)

Eq. 8

11
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W, (T) = wy(Tp) X (1 + ampAT) Eq.9

Y(T) = y(Tp) x (1 + a,AT) Eq. 10

where AT = T — Ty is the temperature variation (K) and «,,,, Xy, and a,, the coefficients of

thermal variation of the resonant frequencies, plasma frequencies and damping rates,
respectively (K™1). The values at T = T, 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) [40].

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 4 = 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 [41]. 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

12
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properties of semitransparent materials, although different interactions should be considered to

obtain more refined spectral features.

Wavelength A (nm) Coefficient Ay (K'l) Coefficient Ay, (K’l) Coefficient a, (K’l)
2750 —45x 1075 2.5%x 1072 2.8x 1072
3620 -7.6x 1076 2.0x107° —5.5x107°
3960 -1.1x1075 5.6 x 107* —-85x107*
5500 -1.2x107* 4.7 x 107* -9.1x107*

Table 3. Coefficient of temperature dependence for the three parameters for each of the

resonance wavelength.

13
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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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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 peak — equivalent to a
transmittance dip — gives 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

AT (ZROKT
I, \1-Ry

tZKaL) AT, Eq. 11
where [ is the initial transmittance at ambient temperature, Al is the variation of transmittance
for a variation of temperature AT, k, and k, are phenomenon-specific thermotransmittance
coefficients from the reflectance and absorbance, with k,. expressed in K™ and ,, expressed in
K!. 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!, and are thus valid for a given
thickness of the material — the 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

15



AIP
é Publishing

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. 3¢, 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. 3¢ around 4200 nm,
which corresponds to the absorption peak of the COz 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 temperature-
dependent transmission through the material, to obtain the transmission and reflection spectra,
as well as the thermotransmittance coefticient. 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
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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.

Supplementary Material

The Supplementary Material presents a sensitivity analysis of the model and the fit parameters.
Additional details concerning the sample thickness dependence of transmittance, the extraction
of the thermotransmittance coefficient at different wavelengths and the spectral sensitivity of
the measurement are also given. It is divided in five sections:

1. Relative contribution of each resonance position and parameters to the transmittance
spectrum

2. Sensitivity analysis on the temperature coefficients

3. Impact of sample thickness on the transmission spectrum

4. Extraction of the thermotransmittance coefficient at different wavelengths

5. Transfer function of the acquisition chain
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