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Abstract— Heat flux sensors (HFSs) have potential in enabling
applications that require direct and instantaneous tracking of
thermal energy transfer. To facilitate the widespread use of the
sensors, the sensors have to be robust and feasible to implement,
while maintaining high sensitivity, fast response time, and low
thermal obtrusiveness. However, most of the currently available
HFSs are either challenging to manufacture or ill-suited for
surface heat flux measurement because of their mechanical or
thermal characteristics. In this article, the design of a novel
microelectromechanical systems (MEMS) HFS structure intended
for surface heat flux measurements is presented. A prototype
batch is manufactured and the electrical performance of the
prototype sensors is compared with commercially available HFSs.
Results show that sensors with similar sensitivity as commercial
sensors can be made by using MEMS methods.

Index Terms— 3-D, heat flux, microelectromechanical systems
(MEMS), sensor, thermopile.

I. INTRODUCTION
IRECT measurement of heat transfer is being utilized
in a growing number of applications over various fields
of industry and science. Although traditional temperature
measurements can be used to infer the magnitude of heat
transfer under certain conditions, they are often insufficient in
terms of accuracy or impractical to execute. In such situations,
the use of a heat flux sensor (HFS) is often preferred [1], [2].
An HFS is a device that enables direct measurement of
the flow of heat, even in the presence of multiple heat
coupling mechanisms [3], including conduction, radiation
and convection [4]. HFSs are often based on differential
temperature measurement across the sensor itself, resolving
temperature differences on the order of microkelvins [1]. This,
in combination with a small physical size and a low thermal
mass, facilitates the HFSs to track heat transients even on
the submicrosecond scale [2]. The most common type of
discrete HFS is a thermoelectric transducer, which converts a
temperature difference directly into a voltage by the Seebeck
effect [4].
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The ability to instantaneously track changes in heat transfer
in a noninvasive way has resulted in a wide range of applica-
tions for HFESs. For example, HFSs have been used for direct
vaporization enthalpy measurement [5], combustion measure-
ments [3], thermal monitoring of power electronics [6], skin
surface heat flux-based energy expenditure and core body tem-
perature monitoring [7], [8], battery charging monitoring [9],
and building energy performance assessment [10].

Despite the technical benefits of direct heat flux measure-
ment in a wide range of applications, HFSs are employed
relatively rarely in the industry and are currently largely
limited to research applications [4]. Instead of using discrete
HFS elements, the transfer rate of heat is typically calculated
based on one or more temperature measurements [2], [11].
According to [4], the scarce popularity of discrete HFSs is
most likely a result of the relatively high cost and challenging
manufacturability, as well as the low awareness of the capa-
bilities of the technology. To realize new or improved thermal
measurement applications in a surface measurement setting,
robust, cost-effective, and scalable sensor designs are needed.

In this article, a novel 3-D HFS structure for surface
heat flux measurement is proposed. The designed structure
is simulated by the finite element method and manufactured
using a customized microelectromechanical systems (MEMS)
fabrication process. Finally, the thermoelectric performance of
the sensor prototype is evaluated experimentally, and prospec-
tive industrial uses for the sensors are discussed.

This article is extended from a conference publication
presented at IEEE I’MTC 2020 [12].

II. THERMOPILE HEAT FLUX SENSORS

Heat flux g describes the transfer of thermal energy, that
is, heat, by means of conduction, convection, or radiation.
In the case of conduction through a medium with thermal
conductivity k, the heat flux density can be expressed by the
temperature gradient VT according to Fourier’s law [1] as

G=—kVT. (1)

Thus, the total heat flux through a surface can be expressed
by multiplying the heat flux density in (1) by the surface area.

Heat flux is commonly measured indirectly by monitoring
the effects of heat conduction in a medium with known
characteristics of thermal conduction [13]. This can be done by
applying a differential temperature measurement across a ther-
mal resistance layer and calculating the heat transfer rate based
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Fig. 1. Thermopile HFS, composed of multiple thermocouple legs (1 and 2)
in series. The voltage output corresponds to the heat flux g conducted through
the heat resistance of the sensor active layer 3. In practical constructions,
the sensors often include heat spreader support plates 4 and 5.

on Fourier’s law [11]. In practice, this can be accomplished
with application-specific surface-mounted HFS plates, which
incorporate a differential temperature measurement and a heat
resistance layer in one calibrated package [11]. However, this
approach requires knowing the thermal conductivity of the heat
resistance layer very precisely [1]. Moreover, when the size
and thickness of the sensor are scaled down, the decreasing
temperature difference of the two temperature sensors becomes
more difficult to measure accurately. Other HFS designs
employ thermoelectric effects for generating voltage directly
from the temperature difference by using structures known as
thermopiles [2]. Although a number of widespread transducer
technologies can be regarded as HFSs, this article focuses on
contact-type thermopile sensors in the form factor of a plate.

A. Sensor Operation

Discrete HFSs are commonly implemented as passive ele-
ments employing the Seebeck effect for direct temperature
difference measurement [4]. In short, the Seebeck effect refers
to the generation of an electromotive force in a material,
resulting from a temperature gradient across the material.
In other words, when a conductor is heated from one end,
a voltage is induced along the length of the conductor, either
codirectionally or opposite to the flow of heat [1].

Thermopile HFSs utilize this property and are built by
electrically series connecting alternating types of thermoelec-
tric legs that are connected thermally in parallel to sum the
generated voltages of individual legs into a useful amplitude
[14], [15]. The operation and main component parts of a
conventional thermopile HFS are illustrated in Fig. 1.

The operation of an HFS is mainly characterized based on
its ability to convert the through-traversing heat flux to an
electrical signal [3]. The sensitivity of the sensor Sy is usually
given as a ratio of the total thermoelectromotive force output
Eems to the heat flow per unit area ¢

gemf h nj N

So = P )

where A and k are the thickness in meters and thermal conduc-
tivity in W/(m - K) of the sensing layer, respectively, S is the
average Seebeck coefficient of a single thermoelectric leg in
the device, in V/K, and n; is the number of the thermoelectric
legs [13]. The voltage output signal of the sensor is thus
directly dependent on how much the sensor thermally impedes
the heat flow, and the number and unit thermopower of the
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thermoelectric legs situated inside the thermal resistance, that
is, Upn = qS0-

In addition to directly measuring steady-state heat transfer,
HFSs have the ability to measure transient heat transfer
phenomena. When thin sensors are made of materials with
high thermal diffusivity, the sensors can be used to measure
fast thermal transients in the submicrosecond regime that many
widely available temperature sensors are not suited for because
of the mass-dependent thermal inertia. The 98% response
time of the sensor in seconds can be calculated based on the
conductive heat propagation through the sensor in response to
the applied thermal gradient

1.5h%
a

=

3)

where & is the sensor thickness in meters and a is the thermal
diffusivity in m?/s [13].

An additional analogy can be drawn between the measure-
ment of electric current based on voltage measurement across
a shunt resistance and the measurement of heat current using
an HFS [4]. Similar to the measurement of voltage across a
shunt resistor, the flow rate of thermal energy can be inferred
by measuring the magnitude of the temperature gradient across
a heat resistance impeding the flow of heat. However, in the
case of thermopile-based heat flux measurement, in addi-
tion to increasing the thermal resistance of the sensor, that
is, employing materials with a lower thermal conductivity,
the sensitivity of the sensor can also be increased by improving
the efficiency of the thermoelectric conversion taking place
inside the sensor that is responsible for the output signal.
The latter method is preferred in many practical heat flux
measurement applications because of the desired minimum
perturbance in the temperature field of interest [1], and it is
the primary approach used in this study.

B. Available Sensor Technology for Contact Measurement

Thermopile HFSs are commonly implemented in the form
factor of a plate, Fig. 1, although the materials, geometries, and
fabrication methods vary. In addition to the classic plate-type
HEFESs, heat transfer measurement can be achieved with several
other transducer technologies based on the conversion of heat
into electricity, including thermopile infrared (IR) sensors,
Gardon gauges, Peltier elements, and thermoelectric gener-
ators (TEG) [3], [14], [15]. While many thermopile-based
transducers, such as TEGs and IR sensors, are widespread
in the industry and have low manufacturing costs [14], [15],
few of the technologies are well-suited for surface heat flux
measurements because of their mechanical or thermoelectric
properties. On the other hand, many of the technologies that
are better suited for surface heat flux measurement suffer from
poor availability and manufacturing difficulties [4].

Traditionally, thermopile designs have been variations of
the p- and n-type thermoleg ingot arrangement, where either
p- or n-type semiconducting materials, or both, may also
be replaced with different metals [15]-[17]. Most thermo-
electric generators and Peltier elements are built using the
conventional ingot arrangement on a macroscopic scale [15].
Even though such designs have proven to be cost-effective to
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manufacture and, because of their size, exhibit a high thermal
resistance [15], such designs are typically not optimized for
sensor applications. In practical measurement settings, such
devices are typically mechanically and thermally ill-suited for
heat flux measurement as a result of their large size and
mass [4].

The ingot-type thermopile designs have also been taken to
the microscale, Fig. 2(a), with devices known as micro thermo-
electric generators (4« TEG) [15], [17]. Despite the reduced size
and increased volumetric performance of uTEGs as compared
with conventional TEGs, 4 TEGs have been optimized for ther-
moelectric power generation and thus feature a high thermal
resistance [15] and relatively slow temporal responses [18].
Despite the thermal and mechanical challenges, ' TEGs have
been employed for heat flux measurement because of their
high sensitivities.

The use of microfabrication methods, such as MEMS, has
been found to offer a number of benefits for achieving a high
density of thermoelectric junctions in planar-type IR sensors
[14], [17], [19]. However, owing to the lateral arrangement
of the thermoelectric legs, Fig. 2(b), the IR sensors have an
uneven lateral heat distribution by design, which complicates
their use in conductive heat flux measurements in the vertical
direction [17]. In addition, the suspended thin film devices are
fragile [20], further making them impractical for conductive
heat flux measurement.

Manufacturing a mechanically robust contact-type HFS with
a fast temporal response and a high sensitivity is difficult [4].
An example of a mechanically durable sensor structure is
the gradient HFS (GHFS), Fig. 2(c), which incorporates an
anisotropic active sensing layer based on a tilted multilayer
structure [2]. Such a structure can be mechanically robust in a
very wide range of environmental conditions, while achieving
favorable operation characteristics and a significantly higher
fill rate of the active layer volume than traditional thermopile
structures [2], [4]. However, sensors incorporating such struc-
tures are currently limited to low manufacturing volumes,
as there are no commonly used mass production techniques
available for manufacturing them [4].

Vertically arranged microfabricated thermopile sensor struc-
tures have been proposed for providing the improved thermal
performance required for surface measurements [20], [21].
Such designs typically have higher mechanical durability and
a more uniform lateral heat distribution than conventional
membrane-type sensors, while the vertical arrangement intro-
duces a potential for high integration densities [17]. However,
attaining favorable operational characteristics for vertical HFS
designs using cost-effective manufacturing methods, while
maintaining high sensitivity, has not yet been accomplished,
suggesting that new designs are needed.

III. SENSOR PROTOTYPE DESIGN

Typically, the design process revolves around simultaneous
electrical, thermal, and mechanical optimization, in addition
to overarching manufacturability considerations. In the pro-
posed sensor design, the common issues of the high thermal
obtrusiveness and slow response time were aimed to be
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Fig. 2. Cross-sectional micrographs of common thermopile sensors with

their operational schematics, showing the hot and cold junctions Ty and Tc¢,
the path of heat flux g, and component parts of sensors. (a) Commercial
#TEG based on the traditional p- and n-type ingot structure. (b) Conventional
membrane-type MEMS IR thermopile. (c) Si-Al tilted multilayer GHFS.

solved by limiting the physical size of the sensor, particularly
its thickness, and by employing higher thermal conductivity
materials. At the same time, the density and thermopower
of the thermoelectric legs were set out to be maximized.
Additionally, because the sensors were to be placed in direct
mechanical contact with surfaces to be measured, the sensors
were designed to be mechanically robust enough for handling
and to withstand environmental effects. The proposed sensor
was designed to be fabricated by using MEMS methods.

A. Design Optimization

The design process of an HFS is slightly different from
that of TEG systems. For one, the thermoelectric performance
of the sensor is focused on generating a high open-circuit
electric potential, rather than power generation [1], [14]. Thus,
the thermoelectric design of the sensor focuses largely on high
Seebeck coefficient materials, with more relaxed requirements
for the electrical resistivity of the thermopiles. Although a
reasonably low source resistance is beneficial in reducing
noise and interference of the measurement, relatively large
resistances in excess of tens of kilo ohms have still been
viewed as acceptable for sensing purposes [14].

In addition to maximizing the Seebeck coefficients of the
individual thermolegs, an increased sensitivity per unit sensor
area is achievable by increasing the integration density of
thermolegs [14]. To this end, the entire sensing layer volume
should be employed as effectively as possible as a thermoelec-
tric transducer [4]. Moreover, since the entire thermoleg height
in the direction of the temperature gradient is responsible
for the generation of the electromotive force, the thermolegs
should be oriented codirectionally with the heat flow [1].

Another significant design point is the thermal resistance
of the sensor, in terms of both transient and steady-state
performance [1], [17]. While in both the IR detector and TEG
designs the thermal resistance across the device is aimed to
be kept very high to ensure a large temperature difference
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across the thermopile [17], the same is not necessarily ideal
for the case of HFSs. Because the HFS works by passing the
heat current through the sensor itself, the sensor inherently
becomes a part of the measured thermal system [1]. Thus,
introducing a high thermal resistance onto a surface can be
detrimental to the measurement accuracy or repeatability by
impacting the temperature field at the site of the sensor [1].

Because most thermopile designs aim for high tempera-
ture differences across the thermoelectric active layer, typical
thermopile sensors have traditionally exhibited slow response
times on the order of milliseconds to seconds [4], [18].
As seen in (3), the thickness of the sensor has a quadratic
dependence on response time, and should thus be kept low,
in addition to using high thermal diffusivity materials. How-
ever, as demonstrated in [17], the use of a thin vertical active
layer in a thermoelectric transducer may result in an increased
proportion of temperature drop across the sensor to occur at
thermal contact interfaces. Thus, tradeoffs between the thermal
resistance and the sensitivity of the sensor were unavoidable
in the design process.

To ensure high performance of the prototype sensors,
the design in this article was based on a high topography
micromachined structure, with monocrystalline silicon as the
base sensing layer material. Having a high thermal conductiv-
ity, the use of bulk crystalline silicon facilitated the formation
of tall structures by anisotropic etching, with good control-
lability of the features made. In addition to its high thermal
conductivity, the use of silicon also facilitated the formation
of tall structures via crystalline-based anisotropic etching.
In practice, the thermal resistance layer was implemented by
anisotropic etching of an array of mesa-shaped structures into
silicon. Owing to the orientation-dependent etching of silicon,
the formed mesa structures with slanted sidewalls also favored
subsequent deposition of thermoelectric layers [20].

An obvious shortcoming of the increased height of silicon
was the reduced density of thermolegs, resulting from the lim-
ited aspect ratio of the etching processes available. However,
the resulting increased structural dimensions were considered
beneficial for early prototyping purposes. In addition to prac-
tical advantages, such as easier access to the silicon structures
for bonding and thermal tests, the large contact areas helped
in realizing ohmic contacts with low electrical resistances.

A vertically configured MEMS thermopile with a similar
design basis was developed by the group of Huynh et al. [20].
In the design, they used 7-um deep trenches etched to
monocrystalline silicon as the thermal resistance of the sensor,
followed by deposition of metallic thermoelectric legs. Such a
design in its current form was, however, estimated to require
too large die areas for sufficient sensitivity because of the
low Seebeck coefficients of the metal thermolegs used in the
design, and therefore, another approach was chosen.

In the present design, the relative volumes of the nonther-
moelectric materials were set out to be minimized. Conse-
quently, the etched mesa structures were employed as a part
of the thermoelectric circuit of the sensor, simultaneously
acting as the mechanical support and the thermal resistance
layer. To facilitate the electrical series connection of the
mesa structures, the device was designed to be made on
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Fig. 3.  Cross-sectional schematic showing the thermoelectric operation
principle of the proposed thermopile structure in response to the heat flux
g, with the hot and cold junctions 7y and T¢ shown.

silicon-on-insulator (SOI) wafers, where the entire device layer
was employed for the thermopile construction. The design
was made on p-type device SOI wafers with a relatively low
dopant concentration because of the inherent large thickness
of the thermolegs leading to a low sheet resistance and the
high Seebeck coefficient of bulk p-type silicon [14].

Polysilicon was chosen as the second thermoelectric mate-
rial because of its significantly higher Seebeck coefficient
than that of metals [13], [14]. Furthermore, employing n-type
polysilicon as the second thermoleg material was beneficial
for improving both the sensitivity and geometric simplicity of
the design: while polysilicon had a higher Seebeck coefficient
and a lower thermal conductivity than those of metals, the
polysilicon did not require any electrical insulation from the
p-type mesas. Finally, a layer of aluminum was used to connect
the top and bottom junctions at the top and bottom contact
junctions of the mesa structures to complete the thermopile.
The finalized sensor structure is illustrated in Fig. 3.

Further restrictions for the sensor geometry design were
introduced by the applied MEMS fabrication processes. The
device construction was based on a high topography surface,
with mesa structures of 50 um height formed on the SOI
substrate. Due to the nature of silicon (111) crystalline sidewall
angles from the tetra-methyl-ammonium hydroxide (TMAH)
wet etching, the mesa dimensions and spacing had to be
increased to ensure suitability for further processing.

As a consequence of the top-down process flow, the contact
to the bottom side of the mesa structures had to be made on the
lower part of the mesa sidewalls so that a small portion of the
effective thermoleg height had to be sacrificed, Fig. 3. Across
the structure, the coverages of polysilicon and aluminum were
compromised between creating large enough contact areas and
maximizing the effective vertical height of the device without
electrical short-circuiting of the legs, see Figs. 3 and 4.

Finite element modeling was performed on the proposed
sensor structure to verify its operation prior to prototype
manufacturing. The thermopile structure was modeled in a
2-D setting with similar dimensions to those of the prototype
sensors. The p-type mesa structures were modeled with a
50 um height, a top plane width of 80 um, a sidewall
angle of 54.7°, and an out-of-plane thickness of 300 um.
The modeling was performed on Comsol Multiphysics with
parameters shown in Table I. The results, illustrated in Fig. 5,
showed that the structure works as a thermopile and generates
an electric potential of 0.4 ¢V per p-n pair of thermolegs in
response to a vertical temperature difference of 1 millikelvin
across the structure.
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(a)

Fig. 4. Schematic 3-D illustration of the proposed sensor structure. (a) Elec-
trical contacts around mesa structures. (b) Top view of a sensor showing
a series-connected meander of thermolegs formed and bondpads. Relative
polysilicon and metal layer coverages are shown. Compromises were made
between maximizing both the silicon-to-metal contact interface areas and the
effective vertical thermoleg height.

TABLE I
PARAMETERS USED FOR THE FINITE ELEMENT MODEL OF THE SENSOR

Section Parameter Value
p-type thermolegs  Thermal conductivity 130 W/(m - K)
Electrical conductivity 75 S/m
Seebeck coefficient 500 uV/K
Poly-Si layer Thickness 5 um
Thermal conductivity 30 W/(m - K)
Electrical conductivity 3000 S/m
Seebeck coefficient -300 pV/K
Al interconnets Thickness 3 pm
Thermal conductivity 237 W/(m - K)
Electrical conductivity 35.5 MS/m
Seebeck coefficient -1.5 pv/K

Surface: Electric potential (V) o

Surface: Temperature (K) o

Fig. 5. Proposed sensor structure modeled two-dimensionally by the finite
element method, showing a total electric potential of 0.8 xV across four
thermolegs in response to a temperature difference of 1 millikelvin, with
the temperature field shown. In the temperature field plot, hot and cold
junctions can be observed at the top and bottom of the mesa, respectively.
The dimensions of the polysilicon and metal layers are not to scale; the
resulting voltage is less than 0.5% higher than obtained with actual thinner
layer thickness values.

B. Prototype Manufacturing Process

A prototype batch of HFSs was manufactured onto 6-in SOI
silicon wafers with a 50-xm-thick device layer. Anisotropic
wet etching was used to form an array of mesa structures
into the device layer. By depositing and patterning a polysil-
icon and aluminum interlayer on top of the mesa structure,
a vertically configured 3-D thermopile device was constructed.
Additionally, the sensor surface was passivated with SiO,
and the aluminum contact pads were revealed by etching a
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Fig. 6. Main processing steps of the fabricated sensor prototype.
I: Anisotropic etching was used to form an array of mesa structures doubling
as thermal resistance and p-type thermolegs. II: Polysilicon layer deposition.
III: Patterning of the polysilicon layer to form n-type thermolegs along the
mesa sidewall. IV: Patterning of aluminum interconnects to form a thermopile.

window through the passivation oxide. The process flow, Fig 6,
comprised of the following steps.
1)
2)
3)
4)
5)
6)
7)
8)
9)
10)

Starting with SOI wafers.

Oxidation to form SiO, mask for TMAH etching.
Oxide mask patterning.

Mesa etching in TMAH and mask removal (I).
Polysilicon layer deposition (II).

Polysilicon layer patterning (III).

Metal layer deposition.

Metal layer patterning (IV).

Passivation oxide deposition.

Contact pad patterning.

IV. RESULTS AND DISCUSSION

The manufactured sensor prototype operates similar to a
conventional thermopile. The measured temperature gradient
of interest is imposed across the SOI active layer, which
incorporates electrically series-connected thermoelectric legs
of p- and n-type silicon for transducing the signal. In such
a configuration, in addition to forming the heat resistance
layer, the device layer silicon bulk material contributes to the
voltage response of the sensor. The vertical monocrystalline
silicon structure reduces the heat resistance in comparison
with conventional HFS designs, leading to reduced thermal
disturbance of the measured systems and a significantly faster
response time as compared with sensors of similar sensitivities.

A. Fabrication Results

The manufacturability of the proposed design was concep-
tually proven in a successful processing run. Even though
further work on optimizing the structure and the processing
is still required, it was shown that a high-topography vertical
HFES design can be implemented on SOI wafers using widely
available basic MEMS processes. The finished thermoelectric
structure of the prototype sensors is shown in Figs. 7 and 8.
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Fig. 7. Side view micrograph of the fabricated HFS prototype showing
silicon mesa structures with deposited polysilicon and metal layers.

—
200 um

Fig. 8.  Top view of the fabricated HFS prototype, showing a series-
connected meander of silicon thermolegs. Because of the lithography chal-
lenges introduced by the high topography surface of the sensor, short-circuits
of polysilicon were observed on several prototypes.

Challenges arose in the effective lithography resolution
during the prototype fabrication process because of the high
topography surface of the sensors, at 50 um above the sub-
strate surface. The high mesa structure height and the slanting
sidewalls made photoresist coating challenging. In addition,
patterning of the resist required precise control of the com-
pounding effects of the exposure and development processes
to ensure that excess openings were not formed at the top and
that sufficient openings were formed at the bottom. Because
of the lithography challenges, the critical dimensions, in other
words, the feature size of the polysilicon and metal layers,
were limited to a large extent to ensure the functionality of
the prototypes. Despite the increased structural dimensions,
a number of prototypes still exhibited occasional short-circuits
in the polysilicon layer, Fig. 8, suggesting a need for further
optimization of the sensor structure and the processing steps.

B. Sensor Characterization

The operation of the manufactured sensor prototype was
validated in two different characterization tests. First, the volt-
watt sensitivities of the sensors were recorded on the wafer
level during electrothermal characterization in a relative test
setting. Next, the temporal responses of four wire-bonded
sensors were assessed in a second test setup. In addition,
the series resistances of the prototypes were measured to be
in the range of 400-700 Q.

A stacked structure incorporating the devices under
test (DUT) and a calibrated reference sensor (greenTEG
gSKIN XM) [18] was constructed into a wafer probing station
to perform relative sensitivity tests, Fig. 9.

Wafer-level electrothermal characterization was performed
by conducting heat periodically in both directions through the
test structure of Fig. 9 during a 12 min test sequence. The
thermal excitation signal was induced as a combination of
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Fig. 9. Relative sensitivity characterization setup with four reference HFSs
situated under the DUT wafer. (a) Schematic illustration and (b) photograph
of the test setup. Blackbody radiator with needle probes is lowered onto the
wafer to test the DUT sensitivities. Additionally, temperatures of the chuck
surface, the wafer surface, and the blackbody, denoted by T, T», and T3,
respectively, were recorded.
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Fig. 10. Output signals of the tested sensors (DUTs 1-3) recorded during
a sequence of bidirectional thermal excitation, compared with a reference
heat flux signal from the calibrated sensor REF placed under the DUTs.
Temperatures of the wafer chuck and the wafer top surface were recorded for
control purposes. Operation of the HFSs is further validated by the calculated
temperature difference.

conductive and radiative heat between a thermal wafer chuck
and a blackbody probe card assembly. The electrical responses
of the DUT sensors located adjacent to one another on the
SOI wafer were recorded and their output compared with a
reference sensor located under the DUTs to ensure as equal
thermal conditions as possible. During the excitation sequence,
the transient and quasi-steady-state heat flux signals of both the
DUTs and the reference sensor were recorded. In addition,
the temperatures of the wafer chuck surface, the wafer surface,
and the blackbody were recorded for control purposes. The
construction and operation of the test setup are discussed in
detail in [22]. Example heat flux and temperature waveforms
obtained from 3 of the tested sensors are shown in Fig. 10.
All of the tested sensors produced a waveform similar to
that of the reference sensor, with slightly differing transient
responses likely owing to differing thermal properties and
contacts of the sensors. The DUT output signal waveforms
followed the output signal of the reference sensor relatively
closely, considering the partly unknown thermal contacts to
the DUT sensors on the top side, which are presumably the
largest contributor to the observed discrepancies between the
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Beam chopper disc
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Reference
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Fig. 11. Schematic illustration of the test setup used for comparing temporal
responses of the DUTs and the commercial reference sensor. An optical
beam chopper was used to modulate infrared sensor excitation in the range
of 0-50 Hz.

measured waveforms. The difference in the measured signal
baseline is also probably resultant from differing conditions of
the thermal contacts and masses of the test setup components.

As seen in Fig. 10, the tested sensors exhibit appropriate
responses of both positive and negative output voltages in
response to bidirectional heat flux excitation. The average
peak-to-peak quasi-steady-state values of the reference sensor
were calculated to be 270 u'V, while for DUTs, the correspond-
ing values were in the range of 18-28 uV. Considering the
sensitivity value of 1.5 V - mm?/W of the reference sensor [18],
the sensitivities of the DUTs were estimated to be in the range
of 0.1-0.19 V-mm?/W. For their commercial counterparts
of 2 mm x 2 mm, a sensitivity of 0.3 V-mm?/W was
reported [18]. It should also be noted that a calculation mistake
was made in our early results proceedings article regarding the
sensitivity [12]. Instead of 1.5 V- mm?/W, a typical sensitivity
value of 0.15 V- mm?/W was observed.

Because the sensitivity of a HFS depends on the number
of thermolegs fitted inside the sensor, the sensitivities of
the sensors should be compared in relation to their surface
areas. The surface area-dependent sensitivity, that is, volt-
watt sensitivity, was measured to be typically at 55 mV/W,
whereas the corresponding value for the reference sensor was
77 mV/W. Other HFS designs reported in the literature have
comparable or greater sensitivities of up to 65 mV/W for the
bismuth-based GHFS [4], 63 mV/W for the design of [20],
and 180 mV/W for the lateral CMOS design of [19].

The temporal responses of the sensor prototype and a
commercial HFS (greenTEG gSKIN XP) [18] were compared
in a simple radiative test setting. The tested sensors were
mounted to a large heat sink, and a ceramic infrared heater
at a temperature of 400 °C was placed at a distance of 20 mm
from the sensors. A rotating disk optical chopper was placed
between the sensors and the infrared source to modulate the
infrared excitation, Fig. 11. The output signals of four DUTs
and the reference sensor in response to chopped infrared exci-
tation in the frequency range of 0-50 Hz were recorded and
their relative amplitudes compared. The recorded waveforms
of the reference sensor and one of the tested DUTs during a
10 s test are shown in Fig. 12.

The response times of the sensors were compared based on
the relative amplitudes of the output signals of the sensors
during the chopped infrared irradiation test. The breakpoint
of the thermal low-pass filter formed by the sensor structure
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Fig. 12.  Comparison of the relative amplitudes of the reference sensor and
the DUT in response to chopped infrared excitation in the frequency range of
0-50 Hz. The maximum and —3-dB amplitudes are shown in black and red,
respectively. The reference sensor showed 3-dB attenuation before 3.5 Hz,
while the amplitude of the DUT output did not show a noticeable attenuation
in the tested frequency range.

was estimated by calculating the excitation frequency at the
attenuation level of —3 dB. The commercial sensor showed
a 3-dB attenuation of its output signal amplitude before the
chopping frequency of 3.5 Hz, while none of the DUTs showed
signs of frequency-dependent attenuation in the tested range.

These results suggest that the manufactured prototype sen-
sors have a significantly faster response time than that of
the reference sensors. Assuming a thermal diffusivity value
of 88 mm?/s for the silicon active layer [23], according to (3),
the prototype sensors have a theoretical 98% response time of
approximately 43 us. Verifying the maximum response time
of the sensors, however, requires a significantly improved test
setup and is thus a matter of further study.

C. Discussion

Based on the conducted early measurements, the developed
sensors are expected to have an equal or slightly lower
sensitivity, but significantly improved thermal characteristics
as compared with similarly sized commercial plate-type HFSs.
Because the developed prototype sensors still require wire
bonding and application of top-side cover plates, further tests
should be performed after the mechanical assembly process is
completed. This is due to the fact that the thermal properties
of the topside encapsulation process will unavoidably have an
effect on both the sensitivity and the frequency response of
the sensor.

Further optimization and prototyping are required to
improve performance and manufacturability. Densifying the
sensor structure may be considered to improve the design
sensitivity in future design iterations. Because of the slightly
exaggerated dimensions of the present design, the arrangement
of the structure could be further densified, and an increased
proportion of the die area could be employed.

The benefits of decreasing the relative dimensions of the
mesa structures and increasing the employed die area are
twofold. First, an increased die area and structure packing
density result in an increased number of thermolegs and
thus, increased sensitivity. Secondly, decreasing the top-plane
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contact area would probably benefit the design by decreasing
the total mesa top-plane area, thereby increasing the relative
vertical temperature difference across the mesa structures.
In addition to densifying the sensor structure itself, the design
could probably benefit from a reduction of the device layer
height so that more precise lithography and an increased
thermoleg count would be possible.

Depending on the eventual application of the sensors, dif-
ferent variations of the design could be realized to achieve
improved sensitivity or higher tolerance of environmental
effects. In addition to improving the sensor’s thermoleg pack-
ing density, the sensitivity of the sensor could be further
improved by material choices. For example, the deposited lay-
ers could be made of materials with higher Seebeck coefficient
or lower thermal conductivity, such as silicon in its polycrys-
talline or porous forms. However, the current manufacturing
process limits the supporting mesa structure to monocrystalline
silicon.

The promising prototype fabrication and test results sug-
gest that the proposed HFS design is potentially scalable
for mass production, while exhibiting suitable thermoelectric
performance and adequate mechanical properties required by
typical surface measurement applications. Manufacturing a
cost-effective HFS using MEMS is an important step toward
realizing integrated HFS chips suitable for conductive heat
flux measurement. Such a chip could find multiple uses in
smart measurement systems, for example, in wearables, energy
storage devices, and power electronics monitoring.

The present sensor structure was designed specifically for
contact-type heat flux measurement, which in combination
with the potentially low fabrication costs enables improved
or new HFS applications. Previously, the widespread use of
HFSs has been limited by the mechanical or thermoelectric
properties of the existing technology, along with difficult
manufacturability, leading to the use of more readily avail-
able temperature sensors, and, in turn, reduced awareness of
the HFS capabilities. However, improving the performance,
availability, and fabrication costs of HFSs has the potential to
facilitate new or improved measurement methodologies in a
variety of thermal measurement applications.

As HFSs produce an output signal directly proportional to
the flow rate of heat, the sensors can be used in advantageous
ways in several applications where several modes of heat
transfer, that is, conduction, convection, or radiation, exist or
the use of multiple temperature sensors is impractical. This is
also demonstrated in Fig. 10, where the HFSs directly provide
the same information that was obtained by calculation based
on outer and inner temperatures of the structure. Practical
examples of applications where it may be more practical to
use HFSs include unobtrusive estimation of inner temperatures
of objects, for example, the measurement of human body
core temperature from the skin surface [8], measurement
of microsecond-range thermal transients [2], or differential
temperatures [1].

The significantly decreased thermal resistance over conven-
tional designs and similar volt-watt sensitivity of the present
sensor design suggests that the sensors could have potential
uses in differential temperature measurement applications.
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Based on (2) and Fourier’s law, a temperature difference
of 1 uK would result in a heat flux of 2.6 W/m? across the
sensing layer of the proposed sensor, with a differential output
voltage of approximately 0.4 V. However, the usability of the
sensor for such an application still remains to be explored.

Successfully implemented vertical sensor designs also have
the potential to ease the construction process of thermoelectric
devices in both sensing and thermoelectric generator solutions.
For one, the use of thermoelectric elements could find uses
in autonomous wireless sensor nodes [16], where the ther-
moelectric transducers could in addition to power generation
also double as a sensor element. Furthermore, the introduction
of an easily manufacturable vertical thermopile structure can
significantly reduce the volumetric proportion of the filler
materials in TEG designs, such as the vertical-to-lateral heat
guide structures and thermally and electrically insulating mate-
rials presented in [16]. The proposed series-connected mesa
geometry can also be applied to different processes, ranging
from TEG constructions to infrared sensors, by enabling
simple vertical arrangement of thermolegs.

V. CONCLUSION

A  MEMS-compatible surface HFS was successfully
designed, fabricated, and tested. The characterization results
show that the developed sensors have a surface-area-dependent
sensitivity and response time comparable with commercial
HFSs.

The proposed fabrication method is compatible with basic
MEMS processes, and thus suggests a possibility of cost-
effective mass production of the sensors. This is an important
step toward making heat flux measurements more widely
available for high-volume applications, where a calibrated
integrated HFS chip could ease the measurement of thermal
energy transfer. Furthermore, owing to the implemented verti-
cal structure, the proposed sensor is mechanically durable and
thermally suitable for surface-mount use. These advantages
facilitate the use of HFSs in applications around thermal
monitoring and energy efficiency, for example, in wearable
electronics and IoT.
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