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Abstract: The proper usage of a bandwidth-limited imaging bolometer for the measurement
of the lateral temperature profile of microstructures in Silicon-Carbide (SiC) is analyzed.
The SiC spectral emissivity, €s;c(A), has a dip at A ~ 12 um, which is in the band of a
typical commercially available instrument and complicates the selection of the value of
the equivalent emissivity, €, sic, in the instrument settings. The impact is analyzed by
deduction using simulation, and by experimental validation. Membranes of 3C-SiC of
1000 pm diameter and 3 pm thickness have been fabricated on Si wafers, with integrated
poly-SiC resistors for both membrane heating and on-membrane temperature measurement
for calibration purposes. The optimum setting was found as €,,sic = 0.705 + 0.025 by
deduction and as €. sic = 0.66 + 0.06 by experimental validation in the temperature range
120 °C to 400 °C. The apparent temperature coefficient of emissivity, TCE < 2x10~4°C~!
is due to the shift of the Wien peak wavelength relative to the instrument’s sensitivity band.

Keywords: bolometer calibration; bolometer usage; Silicon-Carbide; SiC micro-heaters; SiC
MEMS; SiC emissivity

1. Introduction

This paper focuses on the proper usage of a commercially available imaging bolometer
for measuring the lateral temperature profile of microheaters fabricated in a membrane
using micro electro mechanical system (MEMS) technology (also referred to as microtech-
nology). An essential aspect of the membrane characterization is the actual temperature
distribution over the membrane area at a given heating power, for which non-contact
temperature measurement using a bolometer (also referred to as total radiation pyrome-
ter) is the most appropriate approach. The traditional bolometer is a simple non-contact
temperature sensor without imaging capabilities [1,2]. In the early stage of membrane
characterization, such a single-point sensor was used in combination with an x-y trans-
lation table for obtaining 2D information by mechanical scanning [3]. Currently, imaging
bolometers (also referred to as thermal imaging cameras) are available, comprising of an
array of uncooled microbolometers, readout, and data-processing for electronic scanning,
to simplify such a thermal analysis [4-6]. However, both the traditional bolometer and
the imaging bolometer are subject to a material-dependent uncertainty in the temperature
measurement due to the spectral emissivity of a heated microstructure. As is demonstrated
here, such a complication does not arise in a silicon (5i)-based heated micromembrane,
but is an issue in the interpretation of the measurement result in case of a membrane
fabricated in silicon-carbide (SiC).
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Similar to an electric circuit, the thermal contact resistance in combination with the
heat capacity of any contact-based temperature sensor results in a low-pass frequency
response with a scale error and a settling time [7]. Contact temperature measurement es-
sentially requires heat flowing from the measurement object to the sensing element to heat
up the sensor to the object temperature. For an acceptable inaccuracy, this re-balancing of
the heat initially stored in the object should not lead to a significant reduction in the object
temperature. Consequently, the heat capacity of the external temperature sensor must be
significantly lower compared to that of the object to ensure a measurement within reason-
able inaccuracy specifications. This is a limitation, especially in contact measurement on
devices of miniature dimensions, such as a structure that is fabricated in MEMS-technology.
Operation of the bolometer does not involve heat flow by thermal conduction but rather
the measurement of the amount of optical power (flux of radiation) emitted. Therefore,
the bolometer is favored for temperature measurement on MEMS structures.

The optical power emitted by the object at absolute temperature T; (in Kelvin [K]) in a
given direction per unit solid angle (per steradian) and per unit area is referred to as the
radiance, L, . The radiance results from the integration of the temperature-dependent
spectral radiance, R(A, Ts), as described by Planck’s expression, over the entire wavelength
range. The result is the Stefan-Boltzmann expression for radiance per unit area and
per steradian: L, = 0T}/ 7, with o ~ 5.67 x 1078 Wm~2 K~* the Stefan-Boltzmann
constant [6,7]. Figure 1a shows the simplified bolometer set-up.
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Figure 1. Simplified schematic of (a) the typical set-up of a bolometer system for non-contact
temperature sensing with the object within the opening angle (field of view) of the detector, and
(b) the regular operating mode of an imaging bolometer.

The radiance within the opening angle (also known as cone of acceptance or field
of view), (), of the optical system is imaged onto a detector for optical power and used
as a measure for Ts. When assuming Lambertian radiation (a non-directional emitter) at
temperature T, the power absorbed at the detector is described by

Pyet(T) = €5 X [Loy X Q] X Ag X g, (1)

with Qs = A,/ d? the solid angle at which the detector area is viewed from the emitter and
g is the absorbance of the detector. The bolometer is typically calibrated using a blackbody
emitter as the source. However, a practical source is not a perfect emitter (absorber) and is
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referred to as a graybody emitter with a material-dependent emissivity, €5 (with |es| =1 for
a blackbody emitter and |e;| < 1 otherwise).

From a fundamental metrological perspective, Equation (1) contains too many un-
knowns. The temperature of the source, T, is the quantity of interest but uncertainties
are added by the estimates of ()s (the distance between emitter and instrument, 4, is not
accurately known), €; (which is not necessarily known for the material investigated) and
the emitter area, A,, within the opening angle of the detector (also depending on distance
between emitter and instrument, d). This problem is reduced when also considering the
opening angle of the detector, which is a known property of the instrument and defined as
Q, = As/d? When considering that 0y x A; = Qs x A, Equation (1) can be expressed as

Pdet(T) = €5 X Le,Q X Qd X Ad X K. (2)

The accuracy of the power reading depends solely on the properties of the instrument,
with the exception of the emissivity €;, and is independent of d, provided that the solid
angle (); is completely filled with the emitter surface at temperature T;, which is a challenge
in temperature measurement on a MEMS structure due to size. This requirement is an
operational weakness, but must be satisfied to avoid inaccuracy due to interference from
background radiation at a different temperature. A solution is a bolometer with a narrow
value for (); equipped with a visible LED-based pointer system for enabling the user to
align this cone of acceptance in such a way that the intended object is included. In a
high-temperature application, the opening angle must be small enough to maintain a safe
distance from an object at a very high temperature.

Over time, the bolometer has evolved from an instrument for non-contact measure-
ment of temperature at a single node, to a two-dimensional (2D) thermal imager (imaging
bolometers) based on an array of micro-bolometers. Imaging bolometers are equipped with
a lens system to ensure that the object is imaged over a maximum number of pixels in the
detector array, as shown schematically in Figure 1b [6]. This feature has made the imaging
bolometer highly suitable for thermal characterization of the temperature profile of a highly
miniaturized structure, such as a MEMS. The spatial resolution is in principle defined by the
FOV of a single pixel (the instantaneous field of view—IFOV), while a pixel is completely
filled by the spatial resolution of the imaged object in a well-designed instrument.

The instrument has been extensively calibrated by the manufacturer to minimize
the effect of optical and electrical sources of uncertainty [6,8,9]. The uncertainty in the
emissivity of the source is the only remaining fundamental weakness of the bolometer as
a general-purpose instrument. The temperature reading, Ty, of the instrument is based
on calibration using a blackbody emitter, which implies an L,,, o = oT} /7. However,
the blackbody assumption is usually inadequate and this measured radiance is actually
Lem = €s0T2/ 7 due to a graybody emitter at actual temperature T;. Equating results in

oTE /= eoTE )t — Ty = e V/4 X Ty 3

Therefore, a correction factor €5 '/ should be applied to the reading, which can be en-
tered into the instrument [6]. Techniques are provided in the literature to avoid the reliance
on prior information about the material for making an estimate of the emissivity, such as the
dual-wavelength (or two-color) pyrometry, which involves radiance measurement at two
different narrow bands and calculation of the ratio between the readings. The error analysis
is described extensively in the literature and indicates that dual-wavelength pyrometry
is particularly powerful if €; is without a strong wavelength dependence (the object is in
good approximation a graybody source) [1,5,10]. Application-specific approaches based
on deep learning algorithms are sometimes possible [11]. These options do not offer a
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solution in case of a significant wavelength-dependence, which is the case discussed here
for MEMS-based microheaters in SiC. A closer examination of its material properties in
relation to the specifications of the instrument, as presented here, is required to ensure a
bolometer measurement of acceptable inaccuracy.

2. Materials and Methods

The radiance per steradian at a given temperature T, L, (T), is calculated over
the wavelength range of sensitivity of the bolometer by integration of the temperature-
dependent spectral radiance, R(A, T), as described by the Planck’s expression. The spectral
emissivity of the source, €(A), is the core issue of this analysis and is considered temperature
independent (this assumption is discussed in detail in Section 3) [12,13]. The relative
spectral response of the bolometer system is H(A). The radiance over the operating
bandwidth between A,,;;, and A, can be described as

Amax
Lo(T) = A e(A) x H(A) x R(A, T)dA @)

The bolometer system is fully calibrated by the manufacturer against a blackbody

emitter. Hence,

/\nlﬂx
[ HQ) X RO, T)A = Lo (T) ®
Therefore,
Amax de(\
Loa(T) = €(A) X Lepp,a(T) — / %Le,bh,O(T)d/\ (6)

min

The second part is zero in case of a wavelength-independent emissivity and
Equation (6) reduces to
Lea(T) = €(A) X Lepp,a(T) )

which is the general rule for a graybody emitter. However, SiC has a strongly wavelength-
dependent emissivity within H(A) and the second part of Equation (6) is non-zero. There-
fore, one cannot simply assign a constant equivalent emissivity, €, sic, based on weighted
average. Instead, the optimum instrument setting for equivalent emissivity is derived using
numeric integration of Equation (6), rather than a calculation of the weighted average of
the emissivity only and €, sic=

1 /\mux )\mgx
m/A e(MHMRA,T)AA # | e(A)dA ®)

The calculations are implemented in MATLAB version R2020b.
The experimental validation is carried out in two steps. In the first step, devices are

min min

placed in a temperature-controlled oven and the temperature is (actively) increased from
50 °C to 400 °C and subsequently (passively) cooled to 50 °C. Meanwhile, temperature read-
ings are taken using the on-membrane poly-SiC resistors that are used for both heating and
temperature measurement. From this measurement, the resistance of the resistor/heater
(temperature coefficient of resistivity—TCR) is calibrated against the furnace temperature.

In the second step, the membrane is electrically heated using the same on-membrane
resistive heater and the temperature profile is recorded using a commercially available
imaging bolometer (FLIR a325sc camera), while the default emissivity setting €; = 0.95 was
used in combination with a close-up lens [6]. The four-wire set-up enables simultaneous
heating and resistance readout of the heater. The results are used to calibrate the tempera-
ture reading of the bolometer against the temperature measurement by the on-membrane
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resistor. From this information, a correction factor can be derived that accounts for the
SiC emissivity.

A complication is the non-uniform lateral temperature profile over the heated mem-
brane, which is due to the operating mechanism of the microheater (this was the initial
reason for our use of the imaging bolometer in the research on MEMS devices). The thermal
gradients are the result of heat flow from heater to ambient, which is a loss mechanism that
is not applicable in a furnace calibration. Although the data is processed and systematically
checked for non-plausible thermal gradients, significant uncertainties are unavoidable.

3. Complications of a Bandwidth-Limited Bolometer
3.1. Comparison Between Si and SiC

While the state-of-the-art in microheaters is based on silicon-related materials on a
silicon substrate, there are good reasons to consider SiC as an alternative. Silicon devices
are typically based on a microfabricated membrane with a thickness in the <1-5 um range
and a diameter in the 100-1000 pm range. The membrane is usually of silicon-oxide (5iO;)
because of its relatively low thermal conductivity, but SiNy is also being used because of its
larger mechanical strength. A lateral structure of either a metal thin film or a polycrystalline—
silicon (poly-Si) layer is microfabricated on top of the membrane and serves as resistive
heater by applying an appropriate doping level [14-17].

MEMS-based microheaters are primarily used in two application domains. The first
is for device heating for a wide range of purposes, ranging from only a few degrees of
temperature above ambient temperature, such as in thermal flow sensors [14,15], to heating
of thin-film gas sensors by a few hundred degrees for establishing a surface temperature for
maximum sensitivity for a specific gas [16-18]. The second is as incandescent light source
in, for instance, absorption spectroscopy for gas composition sensing in the IR (usually CO,,
N>O and CO in the 4-5 pm range) [19-21]. The silicon emissivity, €g;, can be considered
wavelength-independent within the spectral operating range of commercially available
bolometers. Thus, thermal profile characterization of microfabricated heaters is sufficiently
accurate to enable validation of simulation results.

Silicon-Carbide has been extensively investigated for use in harsh environments be-
cause of its high chemical inertness, high melting temperature, high critical E-field, high
Young’s modulus, and high radiation hardness [22,23]. Moreover, fabrication can be merged
with Si-based MEMS technology and SiC layers can be deposited on a silicon wafer using
equipment that is highly similar to that used in Si-based microfabrication [24]. This com-
patibility with Si microtechnology makes SiC suitable as a material for device fabrication
in a MEMS. Therefore, SiC is a competitive alternative to a Si membrane in case of an
application requiring an extremely robust device, especially with regard to high operating
temperature. SiC is transparent in the visible part of the optical spectrum. This property
has enabled the realization of a MEMS window, which can be mounted on the wall of
an exhaust system for providing a view into the exhaust system by an external optical
sensor [25]. Such a window can be used for measuring specific properties of the exhaust gas
using optical techniques, such as composition by absorption spectroscopy or presence and
diameter of particulates by scattering spectroscopy. Additional environmental protection
is imparted with integrated resistors, which are used for periodically raising the window
temperature for burning off (oxidizing) any soot deposits and thus for regenerating trans-
parency. Although successful, this research has also revealed significant inconsistencies
in the thermal characterization results obtained from heated membranes in SiC using an
imaging bolometer. These are investigated and found to be mainly due to the wavelength
dependence of €g;c within the band of sensitivity of the bolometer.
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It should be emphasized that the work presented here is not a materials study
on SiC or a fundamental study on the physics governing its emissivity or its use as a
nanomaterial [26,27]. Issues such as scattering due to surface roughness are not inves-
tigated because the spatial dimensions of the roughness are typically smaller than the
wavelengths in the part of the spectrum considered.

Kirchhoff’s law of thermal radiation states that the power radiated by an object in
thermal equilibrium must be equal to the power absorbed, which implies that the spectral
emissivity of a material can be expressed in terms of its spectral absorbance. However,
the emitting layer should be of a sufficiently high absorption coefficient and thickness to
ensure full absorption of radiation. This requirement is considered satisfied in this study.

Bolometric measurement of the wafer surface temperature profile has been gener-
ally applied during silicon microfabrication. Therefore, data on the spectral emissivity
of silicon, €g;, is important and results on characterization efforts on eg; is available in
literature [28-30]. This information is used for constructing the curves shown in Figure 2.
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Figure 2. Si spectral emissivity as a function of temperature for a doping concentration N > 10'8 cm~3

(deducted from [29,30]) and the bolometer (system) relative spectral response, H(A), (green curve).

The emissivity of silicon has a profound wavelength-dependence, with €g; ~ 0.7 and
independent of temperature in most of the IR, but with a temperature-dependent dip in the
1-4 um band. The magnitude and spectral position of this dip also depends on doping con-
centration. For intrinsic material eg;(1.5 pum) < 0.1 for T < 350 °C and N < 3 x 10 cm 3,
but for N > 108 cm~3 the doping dependency saturates and only a temperature depen-
dence remains. This implies that silicon is a wavelength-independent graybody source
only for wavelengths longer than 4 um. This is convenient, as membranes for heaters are
usually at a doping level that exceeds N = 10'® cm~3 and the spectral operating range
includes the 4-5 um band that is popular for gas sensing by absorption spectroscopy.

However, es; ~ 0.7 also implies that 30% of the potentially available power is not
emitted. For this reason, heated silicon membranes for use as mid-IR emitters are often
coated with a layer providing high absorbance, such as a porous metal [31], a thin-film
multi-layer used as interference filter [32], vertically grown carbon nanotubes (CNT) [33]
or metamaterials [21,34-36].

Imaging bolometers have been used without complication for characterization of the
lateral temperature profile of silicon microheaters, despite this spectral dip, by setting the
instrument to a source emissivity of €g; = 0.7. This is mainly due to the fact that practical
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bolometers do not measure R(A, T) over an unlimited spectrum, but are limited to the
spectral range that results from the transmission through the different lenses in the optical
system and the spectral response of the absorber/detector. The overall system spectral
transmittance results from the multiplication of these spectral dependencies, which is not a
simple band-pass but a higher-order filter instead. This property is referred to here as the
bolometer (system) relative spectral response, Hsystem (1), and is shown in Figure 2 for a
typical commercially available imaging bolometer [6].

This limited spectral range inevitably leads to loss of information, but actually brings
two practical benefits. The first is the compression of the dynamic range of the input
signal, which facilitates the use of the instrument for measurement of both objects at room
temperature and those at very high temperature. Secondly, it reduces the spectral range
in which a material needs to be a graybody emitter. As the silicon spectral emissivity is
almost constant within the spectral range of sensitivity of the bolometer, a setting of the
equivalent emissivity to €.4,5; = 0.7 can be used without causing complications, which is
an aspect that has served the development of silicon-based microheaters well and is an
advantage that has gone largely unnoticed and therefore taken for granted.

The spectral emissivity of SiC has a very different wavelength dependence as com-
pared to that of Si, as shown in Figure 3.
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Figure 3. Actual SiC emissivity (blue curve), in comparison to the calculated weighted emissivity
(red curve) as defined by the bolometer relative spectral response, H(A), (green curve). The different
options for the equivalent emissivity are calculated and plotted as dashed curve: when considering
the entire band between 1-25 um while disregarding the weighing by H(A) (full width—FW),
when considering the FWHM-bandwidth of H(A) (FWHM band), or when considering the entire
bandwidth of H(A) (full band—FB).

This spectral emissivity of was already investigated in an early study, which confirmed
an independence to temperature within the +2% inaccuracy of the set-up used [12]. This
conclusion was confirmed in a more recent study for temperatures up to 850 °C [13].
Although €sic = €30m ~ 0.82 in most of the IR, it is reduced to eg;c ~ 0.1 in the 11-12 pm
band. The spectral absorbance of a material is generally governed by the energy levels of
the different phonon modes, which are usually specified as the associated wavelengths.
These have no significant effect on the Si spectral absorbance in the wavelength range
considered here. However, for a polar material such as SiC, the longitudinal optical phonon
mode (at A1p) and the transverse optical phonon mode (at Arp) are particularly relevant
and the values for 3C SiC at 300 K are: A;p = 10.28 um and App = 12.54 um [13,37,38].
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The spectral band in between is referred to as the ‘Reststrahlenband’. In this band the
reflectance is close to unity and as a consequence the absorbance is small [13]. This effect is
confirmed in Figure 3 by €g;c ~ 0.1 in the range between about 10.5 pm and 12.5 pm.

An additional phenomenon in a polar material is the Christiansen effect at a wave-
length slightly shorter than A;p. At this wavelength, the index of refraction n = 1 and
thus the material is perfectly matched to the medium of incidence (air) [37]. The result is
a non-reflecting surface and thus full penetration of incident radiation into the material.
The full absorption is equivalent to € ~ 1, as is confirmed in Figure 3 for SiC at A ~ 10 um.

The fact that SiC can be considered a graybody emitter with es;c > €g; up to about
8 um wavelength is a significant advantage when used as an IR light source in optical gas
absorption spectroscopy. However, the emitted spectral power in the 10-14 pm band is
significantly reduced due the wavelength-dependent dip of €g;c in this range, which is
also within the operating spectrum of the imaging bolometer. This effect makes it more
difficult to define an optimum instrument setting, €, sic, and can be expected to introduce
a problem in case a bolometer is used for the investigation of the lateral temperature
profile over the heated membrane (and indeed has in our work on the regenerable MEMS
window). The spectral dip would result in a measured radiance that would be interpreted
as originating from a source at a temperature lower than the actual value. Several models
can be considered to account for this effect.

3.2. Options for Modeling €4 sic

Figure 3 can be directly used for identifying possible models for €, sic. A straight-
forward model would be based on taking the weighted average of the spectral emissivity
over the full sensitivity band of the bolometer, which is referred to as €5, wp (as shown
by the dashed horizontal line in Figure 3). Using the data from [13,37,38] and taking the
specified response curve of the bolometer, Hsystem (A), as the weighting function, results in
€eq,rB = 0.3053. However, this value does not take advantage of the fact that the bolometer
is fully calibrated for a blackbody emitter by the manufacturer, so it would be more appro-
priate to use the calibrated weighted average over the full band: €. rp ¢ = 0.6290. In an
alternative approximation the complexity of the system response is disregarded, and the
transfer function is assumed a simple band-pass with peak value and half-power wave-
lengths. The bandwidth in such an optical filter is defined as the full-width half magnitude
(FWHM) and results in €5 rwym = 0.5706 for the filter weighted emissivity within the
FWHM band and €. rwpym,car = 0.6860 when considering the calibration. One can also take
a simple wholistic view and ignore the system bandwidth and take the wideband average
as €,4,wp = 0.7477 (see the different options as dashed lines in Figure 3).

These are basically a number parameters without a direct physical meaning and are
appropriate only within the framework the objective addressed in this paper, which is
the selection of the most suitable value of €g;c for use as bolometer setting when the
instrument is used for the electro-thermal characterization of heated membranes in SiC,
such as membrane temperature distribution as a function of heater geometry or electrical
heating power. These are also used as reference lines in the analysis presented in Section 4
and the experimental validation in Section 5.

4. Analyzing €., sic by Deduction

The spectral radiance as emitted by a blackbody emitter at a given source temperature
is shown by the dashed curves in Figure 4a. Subsequently, the effect of H(A) is included
as a spectral weighting function and the result is shown in the solid curve. The figure
clearly shows that the bandwidth limitation of the bolometer does result in the omission of
essential information. The Wien peak is out of the bolometer band for T > 200 °C, but the
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curves remain unambiguous and can be used for non-contact temperature measurement
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Figure 4. Calculated spectral radiance for a source temperature in the range 200 °C to 800 °C,
as incident on the bolometer (dashed line) and as measured at the detector array of the imaging
bolometer (solid line) for (a) a blackbody emitter and (b) a SiC emitter.

Similarly, the spectral radiance curves for SiC are shown in Figure 4b. Although mono-
tonicity over the temperature range is maintained, the curves are clearly more compressed
in the 11-12 um spectral range. The spectral radiance curves from a blackbody reference
emitter are basically used for bolometer calibration.

In the temperature range 0-80 °C, the Wien peaks are within the bolometer system,
as is shown in Figure 5. The temperature-dependent spectral radiance curves are more
clearly separated as compared to those at high temperatures, but the Wien peak is at a
much lower spectral radiance level.

Integration of the spectral radiance at a particular source temperature over the wave-
length range 0.5 pm to 25 pm, with a spectral weighting as defined by the system transfer
function, results in the radiance as measured at the detector array of the imaging bolometer.
The result over a range of temperatures is shown in Figure 6a in comparison to a number
of plausible values of the equivalent emissivity. The results confirm our starting hypothesis
that the near-IR emissivity of €0, = 0.82 cannot be used. The SiC spectral radiance over a
wide range of temperatures appears close to that of a graybody emitter with €., wp = 0.748,
which would suggest the wideband weighed value of the equivalent emissivity to be the
most appropriate. However, the calibrated average over the FWHM band, €, rp ca = 0.686,
seems like a closer fit for temperatures lower than 200 °C.

The perfect match is at the temperature for which the radiance of the SiC and the black-
body emitter are equal, which suggest a temperature dependence. Figure 6b shows the dif-
ferential radiance (i.e., the difference between the calculated L, ) sic(T) at the actual eg;c(A)
and the radiance at different values of €, s;c) as a function of temperature. The figure indi-
cates an optimum at €, sic = 0.68 for 120 °C, which increases to an optimum €, s;c = 0.73
at 400 °C. The apparent temperature coefficient of emissivity, TCE < 2x10~4 °C~1! is only
a result of the simulation results and suggest a significance of the Wien peak moving out of
the spectral sensitivity range of the instrument at higher emitter temperatures. It should be

emphasized that this temperature dependence is a derived instrument property and does
not imply a specific temperature dependent physical effect of the material.
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The calculated e, sic and especially its apparent temperature-dependence is experi-
mentally tested, with the results presented and discussed in Section 5.
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Figure 5. Calculated spectral radiance for a source temperature in the range 0 °C to 120 °C, as incident
on the bolometer (dashed line) and as measured at the detector array of the imaging bolometer (solid
line) for (a) a blackbody emitter and (b) a SiC emitter.
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Figure 6. Calculated: (a) radiance as a function of source temperature in the range 0 °C to 800 °C for
several suggested options of €., sic, and (b) differential radiance, A = €5ic — €.4,sic as a function of
source temperature in the range 100 °C to 400 °C for €, 5;c in the range 0.68 to 0.73.

5. Experimental Validation of €., sic

The structure of the SiC membrane with integrated poly-SiC heaters on a Si-substrate
is shown schematically in Figure 7. The membrane is composed of an optically transparent
intrinsically doped poly-SiC membrane (N < 10'® cm~3) with a diameter ranging from
100 pm up to 2000 pm. N-doped poly-SiC heaters (N > 10'8 cm~3) are fabricated on top
of the membrane [25]. Device fabrication starts with a silicon prime wafer and growth
of 2 um of SiO, by thermal oxidation. This layer is intended as an etch-stop during the
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through-wafer etching of the backside cavity etching. Subsequently, two differently doped
poly-SiC layers are deposited by LPCVD. The lower layer is an intrinsic SiC film and used as
the membrane, and an upper SiC layer, which is highly n-doped by adding nitrogen during
deposition and patterned as an open ring-shape for use as a poly-SiC resistor. The sheet
resistance of the deposited films was measured, using a Keithley Source Measure Unit
(SMU type 2420) in a four-point Kelvin arrangement, as p; = 440 Q)- cm for the intrinsic SiC
and pn4+ = 3.36 x 1073 Q-cm for the highly doped SiC layer.

=

s, €electrode
|

\ transparent

(@) (b)
Figure 7. (a) Structure of the membrane with circularly shaped poly-SiC resistors that are used as

both temperature sensor and on-membrane heater, and (b) FLIR photograph of the realized device
with heating power applied to one of the test structures and measured temperature shown in °C.

In the intended application, each membrane is heated by the poly-SiC resistor within
its area and used for regenerating its optical transparency, but in this work the poly-SiC
resistors are initially calibrated for enabling their use as on-membrane resistive temperature
sensors. In our experiment the resistors are used in two subsequent measurements: first for
their temperature calibration and secondly for thermal characterization of the bolometer.

Chips (also referred to as ‘dies’), as in Figure 7b, are cut out of the wafer at selected
positions, chip-bonded, and mounted on a printed-circuit board (pcb) for electrical con-
nection to external readout. These are used for calibration of the poly-SiC resistors and
measuring their variation of resistivity over the wafer area. In the calibration, the pcb is
mounted in the oven using clamps, as shown in Figure 8a.

The same pcb is mounted on an xy-translation table in the subsequent bolometer
measurement for lateral positioning of the selected sample relative to the opening angle of
the bolometer. The bolometer is in a vertically adjustable clamp for varying the sample-
detector spacing during the measurement, as shown in Figure 8b.

It should be noted that the set-up is simple, with both measurements on clamped
devices performed in ambient air, which is well-controlled in terms of temperature and
humidity, but does not provide the thermal isolation as a setup in vacuum. Therefore,
thermal loss mechanisms, such as thermal conduction along the suspension used and
convection, are present. Measurements are performed in an enclosed compartment and
turbulence is avoided. Therefore, the effect of convection can be considered time-invariant
and the measurement repeatable.

Samples are subjected to a furnace run in a temperature-controlled oven (Lind-
berg/Blue M tube TF55035A furnace with an Omega K-type thermocouple). The 4-point
DC-impedance measurement (SMU, Keithley 2420) of several poly-5iC resistors was com-
pared with the thermocouple-based reading of the furnace temperature for a series of
15 temperature levels, each with sufficient settling time applied for a stable reading.
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Figure 8. Schematic diagrams of the 2-stage measurement set-up: (a) the furnace calibration using
the on-membrane poly-SiC resistor and (b) the non-contact membrane temperature measurement
using the imaging bolometer.

The result is shown for T = T as the series of blue open bullet points in
Figure 9, with also the best-fitting 2"-order polynomials listed. The regular specifi-
cation of a temperature-dependent resistance R(T) = Ro[1 + a(T — Tp) + B(T — T,)?]
(higher-order non-linearity terms are disregarded) is in terms of the nominal resis-
tance R(T, =0°C) = R,, temperature coefficient of resistivity TCR = a = (dR/dT)/R,
and quadratic term B = (42R/dT?)/R,. While these can be derived by extrapolation as
R, =4775 Q and & = —1.24 x 1073 K™, the more pragmatic ad-hoc specification used
here takes the operating range of this experiment into account and results in a nominal
resistance at T5pp = 500 K as Rsgp = 3766 () and a temperature coefficient of resistivity at
Ts00, TCR = & = (dR/dT) /R0 = —0.794 x 1073 K~1. The quadratic nonlinearity term in
the temperature sensitivity at 500 K, g = 34 x 1077 K~2. The average of the measure-
ments over different heaters of the same geometry was taken and the uncertainty due to
non-uniformity over the wafer surface was estimated as AR/R < 2% from the nominal
value. Within this level of uncertainty, we have not observed a hysteresis between the
measurements taken during the (active) heating part of the measurement cycle and those
during (passive) cooling.

In subsequent measurements, the SiC resistor was used as a heater (with the SMU
set for controlled voltage drive) and as a membrane temperature sensor. The resistance
measurements are correlated with infrared camera readings. The FLIR a325sc imaging
bolometer was used (with emissivity setting at default value of 0.95) in combination with a
close-up lens of type T197415 (focal length f = 18.2 mm, which results in a spatial resolution
of 25 um at a 20 mm working distance) [6]. The result is shown as the series of open bullet
points in Figure 9. The reading of the camera data is affected by the precision of the lateral
positioning of the probing point (as indicated by the red and green crosses in Figure 7b) on
the heater. The xy-translating table is used under manual control for coarse positioning of
the sample relative to the FLIR. Subsequently, the FLIR software allows the user to select
the point of interest using a box enclosing a single-pixel or a multi-pixel array. We used
the single-pixel box option, as can be seen in the image in Figure 7b. The lateral variation
of the temperature profile over the ring cannot be disregarded. Positioning is based on
the visual feedback from the bolometer and a minor misplacement does already result in
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an error. Repeated measurements indicate a non-repeatability in the bolometer reading at
subsequent placements of about +10 K, which is included in Figure 9 by error bars.

700 4600
Q
650 %
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Figure 9. Measurements on the heatable membrane with the blue open bullet points indicating
the poly-SiC resistance as a function of furnace setting in a calibration run, while the quadratic
approximation is shown as the dashed curve. In addition, the black open bullet points with error bar
indicate the bolometer reading as a function of the temperature as measured on-membrane using the
poly-SiC resistor, while the quadratic approximation is shown as the dashed curve and the linear
approximation as the red curve.

The best-fitting linear curve is the red line shown in the figure, which suggest a
reasonably linear relation in the temperature range from 423 K to 673 K (about 150 °C to
400 °C), with T,pp5/ Tser = 0.9125. The instrument reading is derived from the measured
radiance using the absorbed power, Py (T) (as expressed in Equation (1)), within the
instrument spectral band. T? , is proportional to the value for Py /€t and can easily
be converted to T,.,; by calculation. However, this absorbed power results from the
actual emissivity and is proportional to €s;c Ts,;. Consequently, the instrument setting at
€set = 0.95 results in €sic = (Tyoaq/ Teet)* X €set = 0.91254 x 0.95= 0.6587. Note that the 4-digit
resolution (of the fraction) only applies to the calculation and rounding to a 2-digit number
is appropriate when considering the uncertainties, resulting in €s;c = 0.66.

The uncertainties of this relatively simple experiment are considerable. The membrane
temperature is measured during the furnace calibration using the on-membrane poly-SiC
resistors. The uncertainty of the furnace calibration is dominated by the limited repro-
ducibility of poly-SiC measurement over the wafer surface as compared to the accuracy of
the furnace setting and is estimated as AT,/ Tset = 2%. The uncertainty of the bolometer
temperature measurement is affected by the lateral variation of the temperature at the
heater in combination with the positioning of the software probing pointer, which amounts
to ATeas = 10 K. The worst-case relative error within the temperature range considered is:
ATyeng / Treaq = 2.3%. These uncertainties are not correlated, thus resulting in an uncertainty
in the estimate for the relative equivalent emissivity:

(Aeeq,SiC/eeq,SiC)2 = 4[(ATset/Tset)2 + (ATreuding/Treuding)z] = 0.0037.

Therefore, this measurement results in: €.,sic = 0.66 + 0.06. The offset in the linear
fit for T,ep4/ Tset results as Tys = —14.37 K (red line in Figure 8), which was not taken into
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consideration in the estimation of €, s;c. The uncertainty of the experiment results from
[(ATset )2+ (ATyeqq )?1'/? = 16.8 K, which implies that | Tys| = 14.73, although large, remains
within the range of uncertainties. A linear fit of the curve for T,.,;/ Tset for only the lower
temperature range 350 K to 450 K in Figure 9 would result in a line with a smaller angle
of inclination, which confirms the apparent temperature dependence of €4 sic already
discussed in Section 4.

6. Discussion and Conclusions

The focus of this study is on the a specific anomaly in non-contact temperature mea-
surement on a SiC structure of miniature dimensions using a commercially available
imaging bolometer, and not on the SiC material properties or on the internal calibration of
such an instrument in general. The issue at hand is the optimal setting of the equivalent
emissivity, €, sic, of such a bolometer for temperature profile measurements of a SiC
surface. This measurement is complicated by the significant wavelength-dependence of the
spectral emissivity of that material within the spectral sensitivity range of the instrument.
The main purpose is to demonstrate that a value significantly smaller than €,,, = 0.82,
which is applicable in the near- to mid-IR spectral range, is more suitable. Two approaches
are presented for substantiating our argument that a lower value is a more appropriate
estimate for €, sic-

The first is based on deduction from theoretical considerations and the resulting esti-
mated equivalent emissivity presented in Section 2 is €. sic = 0.705 + 0.025 in the tempera-
ture range 120 °C to 400 °C. For T < 100 °C even smaller values would be more appropriate.

The second is based on experimental validation and results in €, sic = 0.66 + 0.06 in
the same temperature range 150-400 °C. The experimental set-up is relatively simple and
a considerable uncertainty is introduced. However, the measured trend is clear and is in
reasonable agreement with the prediction based on theoretical considerations. Therefore, it
can be concluded that

1.  The variations of eg;c(A) within the sensitivity band of the bolometer do affect the
optimum instrument setting for the non-contact temperature measurement on a
SiC sample.

2. The Wien shift of the peak in the spectral radiance to shorter wavelengths with in-
creasing emitter temperature, and thus out of the sensitivity band of the bolometer for
T > 80 °C, does result in a apparent temperature dependence of the optimum instru-
ment setting for emissivity, which is expressed in terms of an apparent temperature
coefficient of emissivity, TCE < 2 x 10-4°C~1.

This work does not suggest that the SiC emissivity as a material property, es;c, would
be temperature dependent, but rather that the wavelength-dependence of the emissivity,
€sic(A), results in a temperature dependence of the optimum equivalent emissivity setting
of the instrument, €.;,5ic(T). The temperature-dependent Wien shift of the peak in the
spectral radiation out of the sensitivity band with increasing temperature results in an
increased loss of information. This effect is expressed here as an apparent temperature
dependence of €, s;c and is used only as a means for refining the characterization of the
effect of the wavelength dependence of €g;c. The conclusions drawn are applicable within
the framework of the instrument only and have no bearing on the suitability of SiC as a
sensor material. For instance, the emissivity of a heated membrane in the mid-IR part is not
affected, €5ic(4-5 pm)= 0.82 (Figure 3). Thus the advantages of SiC for use as light source
in an NDIR for measuring CO or CO; gas remain undisputed.

We consider the results of the experimental validation slightly less convincing as
compared to the deduction made on the basis of theoretical considerations for three reasons:
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1.  The measurements are performed in air and not in vacuum. Although the combined
calibration—-bolometer characterization in a sequence of two measurements is in prin-
ciple a ratiometric measurement in which this effect, if time-invariant, is in a first
approximation canceled out, a residual dependency cannot be ruled out. We have
taken measures to ensure a repeatable measurement.

2. The sample is suspended using clamps during measurement; therefore, there is heat
flow due to thermal conduction. However, this effect is also in first approximation
canceled out in the ratiometric measurement.

3. The effect of material properties, such as the SiC layer doping concentration, its vertical
profile, and surface roughness, are not considered in this study. The typical spatial
wavelength of the surface roughness is significantly smaller than the IR wavelength
range considered and the amount of scattering is small. In this work the emitting layer
is of a sufficiently high doping concentration and thickness to ensure compliance with
Kirchhoff’s law of thermal radiation.

Nonetheless, the results of the two approaches are in reasonable agreement and the
estimates obtained are highly overlapping. After combining the theoretical range with
the results from experimental validation, we confidently set our recommended value
of the optimal setting at €. sic = 0.70 for characterization of SiC-heated membranes at
temperatures in the range between 150 °C and 450 °C. The reason for restricting this study
to this range is partly pragmatic (the wire insulation cannot withstand higher temperatures).
In principle, an improved wire contacting configuration could overcome this limitation.
More importantly, the objective of this study is to analyze the emissivity of SiC in the
range of operating temperatures of membranes used for temperature-modulated thin-
film chemical sensing or as IR light source. Therefore, we have not attempted such a
modification of the set-up.

There is a somewhat ironic aspect to the established optimum setting at €, s;c = 0.70.
If a temperature measurement on a SiC membrane is run with a bolometer that has been
routinely used for silicon membranes with a setting €.;,sic = 0.70 while the operator is
unaware of the entire issue of emissivity setting, and this setting is not modified, correct
results are obtained. However, if the same experiment is run by a somewhat better skilled
operator, and this setting is changed to €eq,5iC = €nom = 0.82, incorrect results are obtained.
Our taking a closer look during initial work on a SiC membrane for exhaust gas monitoring,
because of a somewhat implausible aspect suggested by the data obtained at default
instrument setting, can perhaps be regarded as a case of serendipity.

Our ongoing work is on investigating the effect of doping concentration of poly-SiC on
the emissivity, rather than on improving the measurement set-up. The focus of this study
has been on SiC and the complications in bolometer-based temperature measurement that
results from its strong wavelength dependence. Although such an effect could be an issue
in the thermal characterization of other polar materials, these have not been considered.

We would like to emphasize that this is not a materials study on SiC, or a study on
the fundamental physics of its emissivity, but rather an empirical study on the practical
non-contact temperature measurement on a structure in SiC of miniature dimensions
using a commercially available imaging bolometer. We hope that our findings on optimum
instrument settings will help researchers to acquire improved results on material parameters
in their future experimentation.
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Abbreviations

The following abbreviations are used in this manuscript:

SiC Silicon-Carbide

MEMS  Micro Electro Mechanical System
TCE Temperature Coefficient of Emissivity
LED Light Emitting Diode

FOV Field of View

IFOV Instantaneous Field of View
FWHM  Full Width Half Magnitude
SMU Source Measure Unit

pcb printed circuit board
LPCVD  Low-Pressure Chemical Vapor Deposition
TCR Temperature Coefficient of Resistivity
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