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ARTICLE INFO ABSTRACT

Keywords: Certain configurations of anisotropic single crystal materials can generate a thermoelectric voltage orthogonal to
Heat flux sensor an induced temperature gradient. This phenomenon is known as the Transverse Seebeck Effect (TSE) and can be
Thermoelectrics

leveraged to fabricate simple and robust heat flux sensors. Only a small number of materials have been

ziril;v::;e Seebeck effect considered as TSE-based transducers and, among these, few have been developed into sensors with ruggedization
Single crystal against chemical and mechanical degradation. Here, we report on the fabrication and characterization of a
Anisotropy rugged TSE-based heat flux sensor using prismatic antimony single crystals. The heat flux sensor was tested under
static and dynamic heating scenarios. The sensor has a linear responsivity of 16.8 uV/(W/cm?) to heat fluxes
spanning more than two orders of magnitude and a time constant of 4.4 s. The sensor’s response to localized
heating, probed with a laser scanning technique, validated that the transduction mechanism is primarily the TSE
by ruling out a sizable contribution from the conventional Seebeck effect. Finite element analysis corroborated
that components used in the sensor package are the primary determinants of the time constant and the decrement
of the responsivity from its theoretical maximum. Design principles that may be applied to elicit a faster transient
response or higher responsivity are proposed. The results establish single crystal antimony as a promising
transducer material for heat flux measurement systems and demonstrate potential effects of ruggedization on
sensor performance.
1. Introduction due to the TSE is given by Eq. 1 [6].
Solid state devices for direct heat flux measurements typically rely on Vi = (Scp — Sip) sin 6 cos 0 %L @

thermoelectric effects [1]. Among these, many heat flux sensors, such as
Gardon and Schmidt-Boelter gauges, determine heat flux using the
conventional Seebeck effect (CSE). As heat flows into the device, a
temperature difference established between two dissimilar material
junctions produces a thermoelectric voltage. This voltage is a function of
the difference in the Seebeck coefficients of the materials, the temper-
ature difference between junctions, and the number of serial junctions
present [2]. Alternatively, heat flux sensors can utilize the transverse oT

Seebeck effect [3,4]. The transverse Seebeck effect (TSE) is a phenom- q9: = — kafz 2
enon whereby a voltage is generated perpendicular to a temperature . . . . .
gradient in an anisotropic material [5], as illustrated in Fig. 1 for an Devices using the TSE only require a single transducer material to

anisotropic single crystal. Assuming a uniform temperature gradient in generate a voltage output, in contrast with a palr.of matferlals required
a e e S At for CSE sensors. The voltage can be scaled up by increasing the overall

the Z-direction in Fig. 1, the voltage measured along the X-direction V, . o )
length of the transducer or connecting multiple in series. Furthermore,

Here, Spp and Scp are the in-plane (IP) and cross-plane (CP) compo-
nents of the anisotropic Seebeck coefficient tensor, respectively, @ is the
inclination of the anisotropic material with respect to laboratory co-
ordinates, k is the thermal conductivity (assumed isotropic), and L is the
length between voltage measurement points. g, is the heat flux parallel
to the Z-axis and is related to the temperature gradient dT/dz by Eq. 2.
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Fig. 1. Schematic of a TSE transducer. A Z-axis oriented temperature gradient
VT induced by a heat flux q generates a perpendicular voltage difference
V-V~ along the X-axis. The voltage difference is a function of the length L
and inclination 6 of the anisotropic single crystal, denoted here with in-plane
(IP) and cross-plane (CP) crystallographic axes.

the contributions to the signal from the thermopower of the electrical
wiring material are negligible, as all electrical wire/transducer contacts
are at identical temperatures. These advantages allow for heat flux
sensors using the TSE to exhibit simpler and more robust constructions
[7].

Investigations of the TSE have employed anisotropic single crystals
[5,8-10], layered composites [11-17], or have utilized the magnetiza-
tion of the material to induce anisotropy [18-21]. For the construction
of heat flux sensors, the latter approach is highly inconvenient. Layered
composites can be engineered as superior TSE transducers over naturally
occurring crystals [22], however, special precautions must be taken to
prevent intermixing of the components and a drift in sensor character-
istics [23]. Single crystals are thus the most common type of transducer
used in TSE-based heat flux sensors. Prior art includes sensors using
bismuth [8], BioTes [24], and YBapCusOy_4 and other layered oxides [5,
6,25-31], the latter primarily investigated as thin films for high speed
sensing.

Here, the TSE in single crystal antimony is demonstrated as a prac-
tical heat flux transduction mechanism in a sealed and robust heat flux
sensor. The sensor design and fabrication is discussed in Section 2, with
an emphasis on the structural components used to ruggedize the sensor.
While earlier TSE-based heat flux sensors have been used without a
robust sealed package, these components are essential for protection
from chemical and physical damage, albeit at the cost of impairing the
flow of heat through the transducer. Section 3 details the characteriza-
tion of the sensor subject to a uniform steady heat flux and introduces an
analytical model coupled with finite element analysis (FEA) simulations
to predict the sensor’s theoretical responsivity. Section 4 details the
characterization of the sensor subject to transient heating and analyzes
the impact of the package design parameters on the time constant via
FEA. The sensor’s response to a localized heat source is discussed in
Section 5, including observations of a TSE-dominated response under
experimental conditions favorable to a combined TSE and CSE response.

2. Heat flux sensor design and fabrication

The sensor components are shown in Fig. 2, with component mate-
rial properties summarized in Table 1. The components include two
prismatic antimony transducers, the ceramic housing, two auxiliary
thermocouples, wiring, and the heat spreading cover plate. Two trans-
ducers measuring 5.1 x 2.1 x 1.45 mm were sectioned using a dicing
saw from a cylindrical antimony single crystal pellet (Goodfellow Corp.,
purity 99.999%, diameter 11 mm, height 2.1 mm, axis orientation:
[1120]). To obtain the crystal orientation which maximizes the TSE (Eq.
1), dicing planes were at a 45° angle to both the [0001] and [1100]
crystallographic directions. The ceramic housing (Boron Nitride
PCBN1000, Precision Ceramics USA Inc.) was machined to outer
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Fig. 2. Exploded view of the sensor. The front end is a painted brass heat
spreader, fixed over the ceramic housing which accommodates two prismatic
antimony transducers and tungsten wires. Two auxiliary thermocouples that
probe the temperature at two antimony/tungsten junctions extend from the
back end.

Table 1

Summary of material parameters for the TSE heat flux sensor.
Property Value at room temperature Reference
Brass, thermal cond. 1.16 W/(cm-K)
Ceramic, thermal cond. 0.21 W/(cm-K)
Cement, thermal cond. 0.033 W/(cm-K)
Antimony, thermal cond. 0.22 - 0.244 W/(cm-K) [32,33]
Antimony, Seebeck coeff. S11 = 44 uV/K, S33 = 21 pV/K [32]
Antimony, resistivity 44 pQ-cm This work
Tungsten wire, Seebeck coeff. -0.12 uv/K This work
Tungsten wire, resistivity 6 uQ-cm This work
Resistance of sensor 8-16Q This work

dimensions of 16 x 14 x 3 mm. PCBN1000 was chosen as the housing
material because its thermal conductivity is similar to that of antimony,
minimizing the housing’s impact on the heat flow through the trans-
ducers. The transducers were mounted in a cavity,
5.4 x 4.5 x 1.75 mm, milled into the ceramic housing using cement
(Sauereisen TempSeal Cement No. 3). Tungsten wires (McMaster-Carr,
99.95%, 0.2 mm) were attached to the prisms using PELCO colloidal
silver (Ted Pella 16034). Two auxiliary 40 AWG type-K thermocouples
(Omega Engineering 5SC-TT-K-40-36-ROHS) were attached near the
contacts between the tungsten wires and the transducers. The gaps be-
tween the transducers and the housing were filled with cement. Cement
was also used to attach the brass heat spreading cover plate (McMaster-
Carr, ultra-Machinable 360 Brass), measuring 16 x 14 x 2 mm, to the
corresponding face of the ceramic housing near the transducers. Fig. 3
shows the sensor before and after attaching the brass plate. The outward
facing surface of the brass plate was spray-coated with high temperature
black paint (Rust-Oleum 248903). This black face is the heat flux-facing
end of the sensor (i.e., front end). On the back end of the sensor, a water-
cooled heat sink was attached. The interface between the sensor and the
heat sink was filled with thermal compound (MX-5, ARCTIC) to improve
heat dissipation. The free ends of the tungsten wires were connected to
the electrical leads of a nanovoltmeter (Keithley 2182A). The auxiliary
thermocouples were connected to a data acquisition module (Pico
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Fig. 3. (a) Optical microscope image of the sensor before attaching the brass
plate. (b) Completed sensor mounted on a brass holder.

Technology TC-08). The as-built heat flux sensor measured 16 x 14 x
5.3 mm with a frontal area of 224 mm?.

3. Steady state sensor characterization
3.1. Steady state response

The heat flux sensor was calibrated against a reference gauge using a
transfer calibration technique [34,35]. In this method, the response of
the TSE sensor is compared to the response of the reference gauge with
both sensors exposed sequentially to an identical heat flux. A
NIST-traceable Schmidt-Boelter gauge (Medtherm 64-3-20) was used as
the reference gauge. Two different radiative heat sources, a propane
heater and a blackbody furnace (Oriel 67032), were used during the
calibration campaign. The separation between the heat source and the
gauges was varied from 1 to 100 cm to produce a range of heat fluxes.
The furnace temperature was adjusted to achieve heat fluxes up to
7 W/em?.

The sensors were mounted on a translation stage that allowed for
repeatable positioning (within 0.05 cm) of each sensor at the same
location in the line-of-sight of the heat source. Once the heat source
setpoint was established, a sensor was positioned in line-of-sight. The
other was positioned behind a reflective barrier. After 60 — 90 s, when a
steady signal was achieved, the sensor positions were interchanged.
Three repeat measurements were performed and averaged for each
Sensor.

The front surface temperature of each sensor and the ambient tem-
perature were monitored during the calibration. To account for differ-
ences in convective heat flux from the ambient environment to each
sensor, the total measured heat flux g;; due to both convective and
radiative heating (Eq. 3) was considered in the calibration.

Gin = A Grag + 1T — T) 3

In Eq. 3, a is the absorptivity of the sensor surface, g4 is the incident
radiative heat flux, h is the convective heat transfer coefficient, and T,
and T, are the ambient and sensor surface temperatures, respectively.
The absorptivity of both sensor surfaces is estimated as a =~ 0.95 [36],
thus the radiative heating term in Eq. 3 is equal for both sensors. The
convective heat transfer coefficient, given in W/(cmZ—K), was approxi-
mated using Eq. 4, which is based on empirical parameters determined

from an analogous propane heater calibration setup and
Schmidt-Boelter heat flux sensor [37].
h = 0.00078(T,, — T,)** 4)

Combining Egs. 3 and 4, the total heat flux measured by the TSE
sensor can be expressed as

Gingse = Ginrer + 0.00078 [(Tm - Ts,TSE)I‘% — (Too — Tx.ref) ]'36} %)

where the subscripts TSE and ref are used to denote parameters of the
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TSE and reference sensors, respectively. gi, s was determined from the
averaged reference sensor voltage using the manufacturer supplied
calibration curve. The maximum difference in convective heat flux be-
tween the TSE and reference sensors was 7% of qip ref.

A total of 105 data points were used to construct the sensor cali-
bration curve in the range of 0 — 7 W/cm? (Fig. 4). A straight line was fit
to the data, yielding a sensor responsivity (i.e., slope) of 16.8 pvV/(W/
em?) with a 95% confidence interval of 16.7 — 17.0 pV/(W/cmZ),
assuming normally distributed measurement errors. The sensor response
is linear from 0.06 to 7 W/cm?, with the upper limit of the calibration
restricted by the design limits of the Medtherm reference sensor. At
equilibrium without incident heat flux, the TSE sensor’s baseline voltage
offset is 0.080 uV, corresponding to a detection threshold of 5 x 10~3
W/cm?,

Throughout the calibration campaign, spanning four months, no
change was observed in the responsivity, demonstrating good stability of
the TSE sensor. This stability may be attributed to the fact that the
temperature of the sensor never exceeded the maximum temperature
used during assembly (100 °C, while curing the black paint). At the high
end of heat fluxes tested, the sensor was exposed to ambient tempera-
tures of up to 350 °C, however, the interior temperature, probed by the
auxiliary thermocouples, did not exceed 74 °C due to the water-cooled
heat sink.

3.2. Analysis of the sensor’s steady-state response

In single crystal antimony, the Seebeck coefficient anisotropy
|Ss3 —S11| and thermal conductivity (which is nearly isotropic) have
been reported in the range of 23 - 26 pV/K [32,38] and 0.22 -
0.24 W/(cm-K), respectively. The transducers were fabricated in the
optimal orientation of # = 7/4 to maximize the TSE. Following Eq. 1, the
theoretical responsivity of the single crystal antimony transducer is at
least 52.5 pV/(W/cm?) per cm length between voltage contacts.

Eq. 1, however, may only be applied if the heat flux through the
transducers is parallel to the Z-axis. In practice, this cannot be perfectly
satisfied in a multi-component/multi-material device. Lateral heat flows
within the sensor induced as a result of its design have two important
consequences: (I) heat flux components perpendicular to g, will arise
within the transducers thereby reshaping the voltage distribution via the
TSE and CSE, and (II) the average value of g, within the transducers will
vary compared to the value of g, incident on the front surface of the

100 F V=16.8q+0.08 E
> 1ok ]
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O Blackbody Furnace

0.1 ! ;

0.01 0.1 1 10
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Fig. 4. Experimental calibration curve for the TSE-based antimony heat flux
sensor. Data sets obtained with different radiative heat sources are overlayed.
The linear fit using the totality of data is displayed as a solid line, with the
corresponding equation shown in the plot.
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sensor. Generally, V, will remain proportional to gi;, however the
responsivity will deviate from Eq. 1 due to the augmentation or atten-
uation of the average value of g, and CSE contributions within the
transducers. Therefore, it is crucial to consider the impact of the design
and materials selection for each component of the sensor on the heat
flow in and around the transducers. When considering the as-built
sensor holistically,

V,=525¢equ L (6)
where @i, is the incident uniform heat flux on the front surface of the

sensor and e is the gain defined as the ratio of the average zZ-component
heat flux within the volume of the transducers to the incident heat flux:

. mean (qz)

Gin

@)

The value of e was established using finite element analysis simula-
tions (ANSYS APDL). A model of the sensor was generated utilizing the
as-built sensor geometry and the corresponding material properties. The
model was subjected to boundary conditions that mimic the conditions
in the laboratory, as illustrated in Fig. 5a: A uniform heat flux g;, was
imposed on the front surface of the heat spreader and the back surface of
the ceramic housing was held at a constant temperature. Nodal solutions
of g, within the volume of the transducers were extracted from the
ANSYS steady-state thermal analysis solution to determine the gain,
with each nodal solution of g, weighed proportional to the average

a)

—
T increasing

b)

360 Brass —
Cement ——=
Antimony
| ) Z
PCBN1000 — 1
Y
I e
—_—

|q| increasing

Fig. 5. Steady-state finite element simulations. a) Temperature contour map of
the finite element model. A uniform heat flux go is imposed on the top surface
and the bottom surface is held at a constant temperature Tp. b) Heat flux
streamlines on the ¥ —z symmetry plane through the center of the model. The
streamline colors represent the magnitude of heat flux. The boundaries between
the components are superimposed as black lines.
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volume of adjacent elements to account for the non-uniform mesh
density. For the as-built sensor, a gain of 0.70 — 0.85 was found, with the
range of values accounting for uncertainties in the cement properties. As
the thermal conductivity of the package and transducer components are
similar, the low gain is primarily attributed to the low thermal con-
ductivity of the cement layers on the front and back of the transducers.
The streamlines in Fig. 5b show the simulated magnitude and direction
of the heat flux along the y — Z symmetry plane in the center of the
sensor. The streamlines deflect from the vertical path to avoid the
additional thermal resistance imposed by the excess thickness of the
cement layers in the center region. The heat flux entering the trans-
ducers is lower (green in Fig. 5b) and that entering the housing is higher
(orange) compared to the heat flux entering the brass (yellow).

Taking into account the attenuation of the heat flux through the
transducer relative to gi,, the responsivity is predicted to be 30 — 37 pv/
(W/cmz) for a total length of 0.82 cm between voltage contacts (Eq. 6).
The measured value of 16.8 pV/(W/cmz) is lower, with the decrement
attributed to an overestimation of the black paint absorptivity, imper-
fections in the construction of the sensor, and uncertainty in the Seebeck
coefficient tensor components. Contributions from the CSE were ruled
out by monitoring the temperature near the transducer/electrical wire
junctions using the embedded auxiliary thermocouples. The impact of
temperature gradients along the X-axis were deliberately minimized by
using two identical transducers, as shown in Fig. 3a, where the crys-
tallographic orientations are related by a 180° rotation around the
Z-axis. As such, g,-related transverse Seebeck voltages generated in the
two prisms add together, while equal and opposite CSE voltages offset,
as illustrated in Fig. 6 [7,8].

The dependence of the responsivity of heat flux sensors on temper-
ature has been the subject of many studies [2,39-41]. In these
thermopile-based sensors, responsivity values have been shown to vary
by 10% [39] and 14% [41] from room-temperature to 80 °C. In
TSE-based sensors, the temperature-dependence of the responsivity
contains two main contributions: (I) the transducer material properties
which appear in Eq. 1 and (II) the gain of the sensor (Egs. 6 and 7).
According to literature data, the Seebeck coefficient tensor anisotropy
[42] and the thermal conductivity [32,33] of single crystal antimony
increase and decrease, respectively, as the temperature increases from
room temperature. This contribution is predicted to increase the
responsivity by 12% when the sensor temperature is raised from 19 °C to
74 °C (upon exposure to 7 W/cm?, with water cooling), and should
result in a nonlinear convex calibration curve. The data in Fig. 4, how-
ever, suggests a much lower variation in the responsivity. This is likely
because the increase in transducer responsivity is offset by a decrease in
sensor gain over the same temperature range. The lower gain is a result
of a decrease in the thermal conductivity of antimony relative to the
thermal conductivity of the ceramic housing, diverting a larger portion
of the heat flux away from the transducers.

4. Transient sensor characterization
4.1. Transient response

The transient response of the heat flux sensor was analyzed by sub-
jecting the sensor to a step change in heat flux. The blackbody furnace,
held at 1000 °C, was used as the heat source. The heat flux sensor was
positioned in the furnace line-of-sight at a distance of 15 cm. The step
change in heat flux was achieved using a reflective shield 7.5 cm from
the furnace which could be quickly removed. The sensor voltage and
temperature data were recorded at 5 Hz. Following each step change,
the signals were allowed to reach steady-state. The shield was inserted
and removed four times.

A representative plot of voltage versus time delay for four transients
is shown in Fig. 7. The time constant 7 is defined as the rise time for the
sensor to reach 63.2% of the steady-state voltage. The average value of ¢
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Fig. 6. Illustration of the polarity of the Seebeck voltage along the X-axis (sign symbols and blue arrows) in a pair of transducers with crystallographic tilt angles of
+6# and —0 about the y-axis, respectively (parallel hatching). The heat flux is represented by a red arrow and the temperature gradient by a color gradient, as in Fig. 1.
(a) Heat flux g, induces a temperature gradient along the z-axis and generates transverse Seebeck voltages with opposite polarities. The voltages add up along the
circuit loop. (b) Heat flux g, induces a temperature gradient along the x-axis and generates Seebeck voltages with equal polarities. The voltages offset each other

along the circuit loop.

for the TSE heat flux sensor was 4.4 + 0.3 s. Under the same conditions,
the time constant of the reference Medtherm 64-3-20 heat flux sensor
was 0.45 + 0.1 s. The time constant was independent of the value of the
heat flux.

4.2. Analysis of the sensor’s transient response

The transient response of a heat flux sensor is dependent on the
position of the transducers within the housing and the materials used in
the sensor construction. In the TSE sensor, the transducers are placed
behind a high thermal conductivity heat spreader and a low thermal
conductivity cement layer, and are separated from the water-cooled heat
sink by a ceramic housing. Transient finite element simulations were
conducted to evaluate the influence of these components on 7. In these
simulations, a step change in heat flux was imposed on the front surface
of the heat spreader, and a constant temperature was imposed on the
back surface of the ceramic housing. The heat spreader characteristics
had the largest impact on 7 [43]. The time constant is linearly propor-
tional to the product of its thickness and specific heat, all other pa-
rameters unchanged. The thermal conductivity of the heat spreader has
an insignificant effect. 7 is only weakly impacted by the thermal prop-
erties of the cement and the ceramic components. With the temperature
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Fig. 7. Transient response of the antimony TSE-based heat flux sensor to a step
change in heat flux. The horizontal line indicates the signal corresponding to
63.2% of the steady-state voltage. The intersection between the voltage tran-
sient and the horizontal line was used to determine the time constant of the
sensor (7 = 4.4 s).

constrained at the back surface of the lower thermal conductivity
ceramic housing, the transient response is dominated by the time needed
for the temperature to rise at the front of the sensor. This rise time is
governed by the thermal mass of the heat spreader, i.e., the product of its
volume, density, and specific heat. As an experimental confirmation, an
applied heat flux step of 0.79 W/cem? caused the temperature near the
front of the transducers to rise by 5.2 K. With a thermal mass per area of
0.714 (J/K)/cm?, the heat spreader temperature would increase by
5.2K in 4.8 s when losses are ignored, in good qualitative agreement
with the experimental time constant. If shorter response times are
required, the design can be modified using a thinner, lower thermal
mass heat spreader.

5. Sensor response to localized heating

A laser scanning technique was used to stimulate the heat flux sensor
with a localized heat probe that produced temperature gradients both
normal and parallel to the front surface of the sensor. A 808 nm
continuous-wave diode laser with an optical power of 156 mW and a
2 mm beam diameter was utilized as the heat source. The location of the
beam incident on the front face of the sensor was controlled using a
translation stage. The laser beam was scanned at normal incidence
across a 10.2 x 7.6 mm area near the center of the heat flux sensor. The
sensor’s steady-state voltage was recorded for 195 discrete locations.
Fig. 8 summarizes the results of the laser scan experiment. Notably, in
Fig. 8a one can recognize, in the position-encoded response of the
sensor, 4 quadrants of alternating high and low voltage values arranged
around the center point of the sensor. The localized heat source gener-
ates temperature gradients in the transducers both parallel and
orthogonal to the sensor’s surface, such that both the CSE and the TSE
contribute to the measured voltage. CSE contributions are most promi-
nent when the laser beam is positioned directly over an antimony
transducer/tungsten wire junction, with the sign of the CSE voltage
contribution dependent on the polarity of the junction (i.e., positive
with antimony oriented towards the positive voltage terminal and
tungsten towards the negative voltage terminal). This is highlighted in
Fig. 8b by superimposing the laser scan results over the layout of the
transducers and wires. The CSE contributions generate the 4 quadrants
of alternating high and low voltage values on top of a gently and radially
varying TSE voltage contribution. The positive sign of the measured
voltage irrespective of heating probe location indicates that the voltage
contributions from the TSE are larger in magnitude than those of the
CSE, even in conditions tailored to enhance the CSE contributions.
Therefore, these results validate the assertion that the TSE is the domi-
nant transduction mechanism operating in the heat flux sensor under
uniform heating conditions (i.e., when the temperature gradients are
predominantly normal to the surface of the sensor).

The laser scan data also reveals that, along the symmetry axes of the
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Fig. 8. Laser scan data. (a) Sensor response as a function of the position of the heating laser spot with respect to the center of the heat spreader. (b) Outline of the
antimony prisms and the tungsten wiring overlayed with the laser scan data. The sensor response is presented using a color scale. Note that all the voltage values

are positive.

TSE sensor, the TSE voltage decreases radially at a slow rate. The voltage
decreases from the centroid value by an average of 20% at a distance of
5 mm from the center. In comparison, when performing the laser scan on
the surface of the reference Medtherm 64-3-20 heat flux sensor, the
voltage decreases by 50% at a distance of 1 mm from its center, and by
more than 99.5% at a distance of 3 mm from the center. The design of
the TSE sensor facilitates a high uniformity in sensor response over an
area that far exceeds that of the transducers.

6. Conclusions

A heat flux sensor based on the transverse Seebeck effect in single
crystal antimony demonstrated a linear transduction of the incident heat
flux to an electrical voltage signal in the range of 0.06 — 7 W/cm?, with
even higher heat fluxes possible. The theoretically high responsivity of
antimony and its stability over a wide range of environmental conditions
make it a promising material for TSE-based sensors. Nevertheless,
incorporating the antimony transducers into a rugged sensor package
may be necessary and can have a significant impact on the sensor’s
performance parameters. The ruggedization of the heat flux sensor
achieved design objectives that included improved stability, lower
output noise, a larger active area, and a high degree of uniformity of the
heat flux through the transducers. These benefits came at the cost of
attenuating the heat flux through the transducers and increasing the
sensor’s time constant. Data from experiments and simulations illus-
trated how other performance-oriented design criteria could be met, for
example, how to modify the package to produce a higher responsivity,
shorten the transients in the response due to a sudden change in input
value, or achieve a wider temperature range of operation. Compared to
other heat flux sensing technologies, the design principles highlighted
here are compatible with a wider range of materials and applications
that target extreme high and extreme low temperatures.
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