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ABSTRACT

Temperature plays an essential role in maintaining the performance of microsystems, which calls for three-
dimensional mapping of heat sources, hot spots and thermal properties. In this context, infrared (IR)
thermography provides information for opaque materials but faces limitations when applied to semitransparent
samples such as microfluidic chips or semiconductor materials in the IR range. In this article, we present
temperature maps obtained for the surface and average volume of two semitransparent samples with a
detection limit of 1 K. To achieve such measurements, we demonstrated that thermotransmittance signals
can be decomposed into two parts: the first originating from interfaces and the second originating from
the volume. We quantified the contributions of both components by combining contactless measurements
with a heat transfer model. We then validated the method using two Borofloat glass samples with different
thicknesses. We were able to discriminate the contributions of surface and volume temperatures by performing
spectroscopic thermotransmittance measurements at wavelengths ranging from 3100 to 3400 nm due to the
different spectral behaviors of these two components. This new technique is an important improvement for

temperature measurements using IR cameras in semitransparent media.

1. Introduction

Temperature plays an essential role in maintaining the performance
of microsystems, including batteries, microfluidic cells, and superca-
pacitors, as it influences energy storage, generation, conversion, and
dissipation within these systems [1]. Therefore, contactless temperature
measurements during system operation are essential for monitoring and
enhancing such devices. The most developed techniques rely on surface
measurements of opaque media, such as infrared thermography [2-
5], which detects infrared radiation emitted by a sample at a given
temperature. Another approach is thermoreflectance [6,7], which mea-
sures the variations in light intensity reflected from the sample’s surface
relative to temperature changes. Such surface measurements, provided
they are calibrated, can be combined with thermal models and inverse
methods [8,9] to obtain the temperature at the depth of the device,
given its known geometry. However, the probed depth is constrained by
measurement noise when employing inverse methods [10]. In addition,
IR thermography is not well adapted to semitransparent media because
infrared radiation originates from both the surface and the volume
of the sample [11]. Moreover, background radiation must be filtered
out [12]. Consequently, the growing use of infrared semitransparent
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materials in microsystems, such as semiconductors or glass substrates,
requires specific methods for contactless temperature measurements.

In semitransparent materials, common techniques measure the av-
erage temperature within the volume of the sample along the path of a
probing wave. For instance, magnetic resonance imaging (MRI) [13,14]
and ultrasonic thermometry [15] focus on transparent media in radio-
frequency and ultrasound spectral ranges, respectively. By scanning the
sample under different viewing angles or combining several imaging
techniques [16,17], the 3D temperature field can be reconstructed
using dedicated algorithms. However, MRI is an expensive technique
and is not suitable for all media. However, ultrasonic thermometry is
a point-by-point technique, and quantitative results highly depend on
calibration and materials [18]: there is no universal method for temper-
ature probing within a device, especially for semitransparent media.
Nevertheless, whereas the advantage of semitransparent materials is
that transmitted light can be detected, the origin of the signal or its
variations are challenging to determine.

In our previous works [19,20], we investigated the use of ther-
motransmittance to measure temperature in infrared semitransparent
media. Other works have shown that this technique can be used in
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various spectral ranges, including the visible [21], near-infrared [22]
or terahertz [23] regions, demonstrating its potential application across
a wide range of materials and applications. The principle consists of
illuminating a sample with an incident light beam and measuring the
signal transmitted through the sample. The transmitted flux depends
on the optical properties of the material, such as the reflectance at the
interfaces and the absorbance within the volume. The optical properties
are temperature dependent, as is the case for the transmitted signal. The
first-order thermotransmittance signal can be approximated as linear
with respect to temperature. When the temperature is uniform along
the optical path within the sample, the thermotransmittance coefficient,
x(4), is a wavelength-dependent proportionality factor between the
variations in temperature and transmission. This coefficient does not
indicate what happens at the interfaces or within the volume of the
sample.

In the general case, however, thermal gradients exist within the
sample volume, and the thermotransmittance coefficient provides an
oversimplified view of the temperature. Consequently, the thermotrans-
mittance signal must be decomposed into two parts: one coming from
the interfaces due to the reflectance and the other from the volume
with the absorbance of the material. The Appendix A gives more details
about the origin of the thermotransmittance signal [24]. The thermo-
transmittance coefficient is then replaced by two thermo-optic coeffi-
cients: xg(4) (K™1), which refers to the temperature variations of the
interfaces, and x 4(4) (K~1), which refers to the average volume temper-
ature. In this article, we demonstrate that the thickness L, influences
the value of the coefficient «,(4). Consequently, we introduce an intrin-
sic coefficient x4 ;(4) (K~!m~!) normalized by the material thickness.
Finally, if x4,;(4) and xg(4) are uncorrelated within the studied spec-
tral range, spectroscopic thermotransmittance enables the simultaneous
measurement of interfaces and average volume temperature.

The main challenge regarding thermotransmittance is the weakness
of the measured signal, ¥ ~ 10~* K~1, which leads to an extreme sen-
sitivity to electronic noise, parasitic signals, and drifts. This sensitivity
results in (i) the use of modulated signals to remove parasitic noise
and improve the signal-to-noise ratio (SNR) and (ii) the need for a
calibration step to perform temperature measurements to overcome the
lack of a database regarding thermo-optic coefficients xk and k4.

The aim of this work is to measure the coefficients x and x,
using a calibration procedure and then demonstrate that multispectral
thermotransmittance allows simultaneous determination of the surface
and average volume temperature of a semitransparent medium. In
this article, we first introduce the experimental setup used to perform
thermotransmittance measurements at the microscopic scale and the
thermal model used for thermo-optic coefficient calibration. To validate
the method, measurements are conducted on two Borofloat glass wafers
with different thicknesses L,. While the surface coefficient xz must
remain constant for both samples, the volume coefficient «, will vary.
However, the intrinsic coefficient, «,; (K-'m~1), normalized by the
thickness, will remain independent of the thickness. Following the
validation procedure, we present the measured temperature maps of
the top surface and the average volume for the two samples.

2. Method

The thermotransmittance signal is measured by illuminating a sam-
ple and detecting the changes in light transmission induced by tem-
perature variations along its optical path. In the authors’ previous
work [19], we investigated the case of a homogeneous temperature
along the optical path and demonstrated that the relative variation in
the transmittance, AI'/I, is related to the variation in the average
sample temperature AT:

Al
To(i) = k(A)AT, (€D)]

where « is the thermotransmittance coefficient (K™!) and I o is the
transmittance at T;,. The expression is valid for samples with homo-
geneous temperature along the optical path. In a more general case,
the thermotransmittance expression must be split into two parts (see
Appendix A):

“T—ru) = kp(DATS + k4, (DATY , (2)
0

where AT® (K) is the temperature variation at the interfaces of the sam-
ple and AT" (K) is the average temperature variation within the sample
volume. In this section, we present the thermotransmittance setup and
the thermal model used to calibrate the thermo-optic coefficients xp
and ky.

2.1. Experimental setup

The modulated thermotransmittance setup consists of illuminating
the sample with an incident flux, modulating the temperature of the
sample, and detecting the variations in the flux transmitted through
the sample at the frequency of the temperature modulation [19]. Fig. 1
illustrates the procedure. First, the sample is illuminated with an IR
flux, ¢, (W/m?), from a black body (IR-Si217) heated at 1385 °C. The
radiation is filtered out in a diffraction grating monochromator (Ben-
tham Instruments TMc300), which enables us to select the wavelength
of illumination, A (m). To work with an acceptable signal-to-noise
ratio (SNR), a compromise must be established between the spectral
sensitivity of the acquisition chain and the transmittance function I"(1)
of the sample, as illustrated in Fig. 2. Consequently, we work in the
spectral range 4 € [3100-3400] nm.

To detect the flux transmitted through the sample over time, ¢,
(A1), we use an IR camera (FLIR SC7000) with an indium-antimonide
sensor with 512 x 640 pixels and a pitch of 15 pm. The camera is
equipped with a microscope objective, resulting in an image spatial
resolution of 15 pm/pixel. However, the camera measures the transmit-
ted flux of interest, ¢(I'(4,1), as well as the infrared radiation coming
from both the environment and the sample itself, depending on its
temperature. To remove this latter signal, the camera is synchronized
with a mechanical chopper, which modulates the light at a frequency
of 150 Hz. The signal demodulation at the chopper frequency filters out
the parasitic radiation from the measured signal.

As mentioned in the introduction, the studied samples are two
Borofloat wafers with thicknesses of L, =2 mm and 3.3 mm, and their
spectral transmittance is given in Fig. 2. To heat these samples at the
micrometer scale, thin gold resistors with a thickness of 300 nm and
width of e = 30 pm are deposited on the top surface of the wafers.
A sinusoidal current, I(f) = I, cos(wt), is injected into the resistor
using a Keithley 6221 current source, and the sample is heated by the
Joule effect. The temperature is thus modulated at twice the current
frequency, 2w:

T(x,y,z,t) =Ty(x,y,2,1) + T, (x, y, z) cosQwt + $(x, y, 2)) 3)

The thermotransmittance is proportional to the temperature varia-
tions; therefore, the transmittance I'(x, y, 4, ) is modulated at frequency
2w. The fast Fourier transform (FFT) algorithm decomposes the mea-
sured signal by frequency. Analysis of the frequency spectrum gives the
amplitude I',,, and mean signal I, (see the right graph in Fig. 1 insert).
Then, the ratio I,/I at several wavelengths allows us to retrieve
both the surface and volume temperatures of the sample, provided that
we know the coefficients x, and x,. Consequently, the first step is
measuring these coefficients with a calibration procedure.

Extracting the thermo-optic coefficients from the thermotransmit-
tance signal requires a known reference temperature. We measure the
voltage at the resistor terminals and use the 3w method [25,26] to
obtain the resistor temperature variation at frequencies 2o and Ty,,,.
The expression of Tk, is given in Eq. (4), where U;,, (V) is the voltage
component at frequency 3w, R, is the electrical resistance of the gold
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Fig. 1. Experimental setup for microscopic modulated thermotransmittance imaging. The yellow insert presents the different measured signals and the nomenclature used. The
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deposit (), I, (A) is the amplitude of the current injected into the
resistor, and g = 3.10~3 (K1) is the previously calibrated temperature
coefficient for the resistance of gold.

Us,
Thow = 252 )

2.2. Heat transfer model

For calibrating the coefficients x and x4, we require the tempera-
ture distribution within the sample and compare it with the thermo-
transmittance measurements. In Fig. 3(a), we present the simplified
3D geometry of the sample with the boundary conditions used in the
thermal modeling. Assuming symmetry in the temperature distribution
on both sides of the gold resistor and constant temperature along the
y-axis far from the resistor’s terminals, we simplify the problem to a
2D model along the x and z axes, as shown in Fig. 3(b). In addition,
convective losses are negligible, as explained in Appendix B.

The transient heat transfer equation in the (x,z) coordinates and
its associated boundary conditions are detailed in the system from
Egs. (5) to (9). Here, a is the thermal diffusivity (m?/s), k is the thermal
conductivity (W/m/K), ¢(x,1) is the thermal flux delivered by the gold
resistor (W/m?2), and T, is the ambient temperature (K).

*T(x,z,1) 0*T(x,z,1) 10T(x,z,1)
== (5)
0x? 0z2 a ot
T
~ kD] g ®)
z z=0
J oT(x, z,1) -0 @
0z z=L,
oT ! oT t
(x,2,1) _ 0Tk, 20 -0 @)
ox x=0 0x x=L,
T(x,2z,t=0)=T,,, 9

Because we are interested only in the temperature variation at
frequency 2w, the initial step involves decomposing the incoming flux,
@(x,1), and the temperature field by frequency (see Egs. (3) and (10)).

@(x,1) = @y H (x) coswt) (10)

H is a Heaviside distribution function: H(x) = 1 for x € [0;e/2]
and 0 elsewhere, where e is the width of the resistor. Consequently, at
frequency 2w, the heat transfer problem is formulated by a system of
equations from (11) to (14).

) 022 = —Tzw (x,z) an
oT ,

—k za:)(x z) = @ H (x) (12)

z z=0

oT- ,

Mubed| as)
0z z=L,

aT,,, (x, z) _ oT,,, (x,z) —0 14)
ox x=0 ox x=L,

Then, a cosine integral transform is applied to the spatial component
x, as described by Egs. (15) and (16), for the temperature variation and
the incoming flux, respectively. The eigenvalues of the integral cosine
transform are denoted as «, = nz/L,, where n=0,1,2,... [27].

L.‘(
Ty, (@, 2) = /0 Ty, (%, 2) cos (a,x) dx 15)

Ly .
& (a,) = (po/ H (x)cos (a,x) dx = %%neﬂ) (16)
0

n

The final system is provided in Egs. (17) to (19):

a1y, (ay.z .
% -0, (a,,2) =0 17)
dTy, (an,z)
—k—— =¢(a,) a®
dz 220
dT, (a,,z) B
0 . =0 19

with Q* = a2 + i2w/a. The solution of this system is expressed as
Ty, (a,,2) = AeQ% + Be=9%, where
1

A=-p(a,) m (20
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B = Ae*9L: @1n

Finally, the temperature variation at 2w in the spatial coordinate
system (x, z) is obtained through the inverse cosine transform:

N
1 - 2 v
Ty, (x,2) = L—XTzw ((xo, z) + L_x ,; T, (an, z) cos (a,,x) (22)

The temperature variation at the top surface of the sample, Tzfo (x),
and the average temperature variation within the volume, Tzl;(x), are
given by:

TS (x) = Ty, (x, 2= 0) (23)

1 [
Tz‘;(x)zL—Z /0 Ty, (x, 2)dz 24

3. Results and discussion

3.1. Measured temperature field

To estimate the surface and volume temperatures, Tzé;) and T2‘;
(see Egs. (23) and (24)), the temperature field is normalized by the
expression T,,(x = 0, z = 0). Consequently, only the thermal diffusivity,
a, thickness, L., and reference temperature are needed. The thermal
diffusivity is determined using the phase of the thermotransmittance
signal, as described in [24]. The result is a = (7.5 + 0.5) x 1077 m?/s,
which is in good agreement with the supplier datasheet [28]. With
respect to the temperature reference measured with the 3w method,
we assume that Ti,, = T, (x = 0,z = 0). In this study, f; is set to 80
mHz, and the temperature variations of the resistor are 18.5+1.0 K and
22.0+1.0 K for measurements conducted with samples with thicknesses
of 2.0 mm and 3.3 mm, respectively.

Figs. 4(b) and (c) present the calculated temperature fields Tzfu
(x, L, = 3.3mm) and Tsz(x, L, =3.3mm) across the range x € [0—2] mm,
corresponding to the measurement area. The surface temperature varia-
tion decreases from 22 K at the hottest point to 2K 2 mm away from the
hottest point. Consequently, the average volume temperature remains
low compared to the surface temperature, ranging from slightly below
3 K to below 1 K (see Fig. 4(c)). Despite these low values, the next
section demonstrates that we managed to measure the thermo-optic
coefficients of the sample.

3.2. Thermo-optic coefficient extraction and impact of wavelength

To separate the contributions of surface (k) and volume (x ,), equa-
tion (2) is rewritten, resulting in Eq. (25): the temperature variations
Tzsw and Tz‘; are modeled (see Fig. 4), and the thermotransmittance
signal I, /I, is measured using the experimental setup. Fig. 5(a) shows
a map of the sample with a thickness of 3.3 mm.

I, T
T® 1, = Kp(D =2 + K4 (A) (25)
LAY, T/

Plotting the left term, I,/ FOTZ‘;, as a function of the temperature
ratio shows that the slope corresponds to the coefficient kg, while the
y-intercept is the coefficient « .

To improve the signal-to-noise ratio (SNR), the signal is averaged
along the y-axis, as shown in Fig. 5(b), and from both sides of the
resistor for symmetry considerations. Near the resistor, the signal is
unusable due to the resolution limitation and camera vibrations. The
data used for calibration started at a distance of 90 pm from the resistor.
The calculated temperatures Tzé;) and T, 2‘; are attributed to each pixel
of the camera based on distance x from the gold resistor. Then, the
thermotransmittance signal of each pixel is normalized by the corre-
sponding value Tzl;(x) and plotted as a function of the ratio T qu JT. 2‘;(x),
resulting in Fig. 5(c). Finally, a linear regression is applied to extract the
coefficients kz and k4. The residuals of the fit give satisfactory values,
on average lower than 3% (see Fig. 5(d)). As expected, the further from
the resistor (corresponding to smaller Tzfo /T2Vw ratios), the higher the
residuals due to a lower SNR.

The spectral measurements of x; and k4 for samples with thick-
nesses of 2 mm and 3.3 mm are presented in Figs. 6(a) and (b). The
first interesting point is the consistency of x; for the two samples,
with an average value of kx = (2.9 +0.5) x 10~* K~! highlighted by a
green line in Fig. 6(a). Furthermore, k, increases with the wavelength
for both samples. To link these trends to the optical properties of
Borofloat, Fig. 6(c) illustrates the reflectance and absorbance spectra
of the material at ambient temperature. When the reflectance remains
constant, the absorbance varies by approximately a factor of 4 within
the range of 4 € [3100—3400] nm. Thus, the optical properties and
the thermo-optic coefficients are correlated. Consequently, analyzing
the optical properties of a material at ambient temperature provides a
rough estimate of the behavior of its thermo-optic coefficients, which
is crucial for selecting an appropriate working spectral range.

Although « 4 exhibits the same behavior with respect to the thick-
ness L., an offset exists between the two datasets. However, this
outcome was expected since the sample thickness influences the over-
all absorbance of the material. Therefore, we introduce the intrinsic
coefficient x,; = x4 /L, (K"'m™1), which is normalized by the sample
thickness (see Fig. 6(d)). Finally, x,; is the same for the two samples
of different thicknesses, which was expected since the same material
was obtained from the same provider. As a result, the measurements of
the thermo-optic coefficients relative to the reflectance, kg, and to the
absorbance, k,;, of the material remain valid regardless of thickness.
For thin materials at the micrometric or nanometric scale, additional
phenomena such as multiple light reflections within the sample may
occur. Specific study should be performed for such samples.

3.3. Surface and average volume temperature maps in semitransparent
media

Finally, since the spectral coefficients x; and x, are uncorrelated,
we use multispectral thermotransmittance measurements to simultane-
ously assess both the surface and average volume temperature of the
sample. The thermotransmittance signal of the samples is measured at
several wavelengths [3100 — 3400] nm. The matrix system described in
Eq. (26) gives the relation between the thermotransmittance signal, the
calibrated thermo-optic coefficients, and the temperatures we aim to
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measure for a single pixel with coordinates (x, y). Using a least-square
algorithm [29] on the system (26), X = [ATA]"'ATY, we derive the
temperature maps for both the top surface and average volume, as
illustrated in Fig. 7.
Y
—— X
——T—
Iy
Ty A [kp(ay)

(26)

Ka(41)

A [Tzsw(x,y)
77 ey
%;"(x, Vs Ay) kp(Ay)  Ka(A)] " 2%

The matrix S gives the uncertainty associated with the calculated
temperatures, where og is the uncertainty in the surface tempera-
ture, oy is the uncertainty in the volume temperature, and o is the
measurement error in the thermo-optic coefficients.

S=os oy] = diag (VAT AIT)

As expected, the surface temperature variation is higher than the
average volume temperature, at 15 K versus 2 K near the resistor. The
surface temperatures shown in Figs. 7(a) and (b) are symmetrical on ei-
ther side of the resistor and decrease rapidly with distance, as predicted
by the model in Fig. 4(a). Regarding the average volume temperature
of sample L, = 3.3 (Fig. 7(c)), the variations are homogeneous: the
model predicted a temperature variation of 1 K from x = 0.3 mm to
x = 2 mm, which aligns with the measurement noise level of + 1 K
derived from the matrix .S detailed in (27). By comparison, the average

(27)

volume temperature of the 2.0 mm sample is also highly influenced by
noise, but we observe a tendency: the average variations are greater
close to the resistor and decrease with distance (see Fig. 7(d)). Despite
the surface temperature of this sample being lower than that of the
3.3 mm sample, its thickness is 40% less, resulting in a higher average
volume temperature.

In our case, due to small temperature variations with respect to
the sensitivity, noise plays a crucial role in the measured signal. More-
over, thermotransmittance measurements are strongly impacted by the
sample thickness. On the one hand, a greater thickness enhances the
contribution of the absorbance to the signal, hence increasing the sen-
sitivity to the average volume temperature. On the other hand, thicker
samples result in low transmittance and consequently lower signal-to-
noise ratio (SNR). In future works, more powerful heat sources, such as
lasers, will be used to investigate thick and absorbent media.

4. Conclusion

In conclusion, this study demonstrates that multispectral thermo-
transmittance allows the simultaneous determination of surface and
average volume temperatures within a semitransparent medium. To
achieve this, we calibrate the thermo-optic coefficients x; and «,. Our
methodology combines measurements at the micrometric scale, includ-
ing the heating device, and a thermal model. The detection sensitivity
of the current setup is 1 K with the Borofloat sample, nevertheless, with
a material whose thermo-optic coefficients are lower, the minimum
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Ki
detectable variations would be higher and vice versa. To overcome
this threshold, the use of powerful heat sources and probing lights is
crucial for amplifying the thermotransmittance signal and enhancing
the signal-to-noise ratio (SNR).

Our previous works focused on scenarios where the temperature
distribution within the sample was homogeneous. Thus, the calibrated

=k,/L, (K''m™) extracted from measurements of x, at thicknesses of 2.0 mm and 3.3 mm. The gray line corresponds to the mean value to help with the data analysis.

thermotransmittance coefficient disregards variations at interfaces and
within the sample volume. Knowledge of the thermo-optic coefficients
kg and k4 provides a better understanding of the origin of the thermo-
transmittance signal. With our new approach, future works will focus
on the measurement of quantitative 3D temperature fields in semi-
transparent materials. In addition, the ability to differentiate between
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Fig. 7. Measured temperature variation maps of the surface and average volume of the Borofloat samples: (a) and (c) surface and average volume temperature maps of the sample
with a thickness of 3.3 mm and (b) and (d) surface and average volume temperature maps of the sample with a thickness of 2 mm.

absorbance and reflectance contributions within the thermotransmit-
tance signal would enable us to derive the thermal resistances across
multiple semitransparent layers.
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Appendix A. Thermotransmittance expression

First, the temperature variations of the reflectance, R, and ab-
sorbance, «, are given by Egs. (A.1) and (A.2). R, and «, are the
reflectance and absorbance at ambient temperature, respectively; T,
and k; are proportionality coefficients; and AT =T — Ty,

R(T) = Ry(1 + k, AT) (A1)

a(T) = ag(l + x,AT) (A.2)

Consequently, in the general case with a temperature gradient along
the thickness of the material, the transmittance I' as a function of
temperature is given by Eq. (A.3). Here, TIS is the temperature of
the top surface, and TZS is the temperature of the back surface of the

sample.

Lz
I(T) = (1 = RTE)(1 = R e b~ 1Tz (A.3)
The thermotransmittance ratio, AI'/ I}, can be expressed as:
Lz
(1= RSN\ = RS e o2 fo ™ 4T
AL _ 1 2 -1 (A4)

I (1 — Ry)?

Linearizing the exponential function and considering the first-order
approximation with respect to AT results in the following equation:
AI'(T Ryk L;

Arm ——CL (AT + AT}) —ay, / AT(z)dz

T, 1-R, 0
—
KA

KR

(A.5)

Appendix B. Negligible impact of convective losses on tempera-
ture variations

In our previous work [24], it was demonstrated that convective
losses have a negligible impact on temperature variations at differ-
ent frequencies 2w. Fig. B.8 compares the amplitude and phase of
temperature variations with and without considering convective losses.
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Fig. B.8. Normalized amplitude (a) and phase (b) of the temperature profile within a 2.0 mm thick sample, with or without convective losses. The calculations were conducted
using a convective coefficient of 2 =20 W/m?/K.
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