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Abstract
Semiconducting metal oxide (SMO) gas sensors typically operate at a few hundred degrees Celsius and

consume hundreds of milliwatts of power, limiting their application in battery-powered devices. An
analytical model is presented for the optimization of the heater dimensions, which suggests the minimal
power consumption is achieved when heat loss through air conduction and supporting beam conduction
are equal. We demonstrate micromachined SMO sensors with optimized microheaters, which consume
only ~2 mW of power when operated continuously at 300 °C. We also measure an ultra-fast thermal
response time of 33 us via a transient temperature-resistivity response method. The short response time
allows the heaters to be operated in ultra-short pulsing mode decreasing the average power consumption
to the uW level. These micromachined SMO sensors are used in proof-of-principle experiments as

ultralow power hydrogen sulfide SMO gas sensors.
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1 Introduction

Chemical sensors are of vital importance in modern society[1]. Gas detection monitors are
employed to ensure that levels of various harmful (e.g. toxic, flammable, etc.) gases are within an
acceptable range. These monitors are indispensible in industrial facilities that produce such gases (e.g. oil
and natural gas refining), but are also critical for hazardous conditions in residential and other commercial
settings. For example, California law (Ca. Health and Safety Code §§ 13260 and §§ 17926) requires the
installation of carbon monoxide detectors in every household. Of the many technologies used in chemical
sensing, semiconducting metal oxide (SMO) sensors offer a robust and low cost solution that can be
measured using fairly simple electronic systems. However, conventional SMO sensors usually operate at
300 °C or higher, requiring hundreds of milliwatts of power consumption per sensor[2]. Employing
conventional SMO sensors in battery-operated devices would create an unacceptable drain on stored
energy and limit battery lifetime. For example, a typical AA battery of 2000 mA-h only supports 5 hrs of
300 mW sensor operation. SMO sensors with drastically lower power consumption enables an entirely
new marketplace for SMO sensors and other chemical sensors that require elevated operational
temperatures, such as pellistors, in applications such as: worker safety, process monitoring, environmental
regulation, and personal health monitors (especially for persons with compromised health conditions)[2].

Reducing the size of the SMO sensor is the most effective way to reduce overall power
consumption, and this is typically achieved using microhotplates or microheaters[3-25]. We have
previously reported a WO; nanoparticle-based hydrogen sulfide (H,S) gas sensor based on commercial
microheater devices (Kebaili Corporation, KMHP-100)[26]. Microheaters require less space and power
than conventional SMO heaters, but also have a significantly shorter thermal response time enabling the
sensor to be heated for a very brief period during measurement. This “pulsed heating” mode of
microheater-based sensors provides a further reduction in the power consumption.

Here we present the design and fabrication of a new generation of SMO gas sensors combining
low power consumption MEMS microheaters and pulsed heating operation, pushing the average power
consumption down to microwatts. The fabrication process is fully compatible with the commercialized
Poly-MUMPs® process, facilitating the integration with other types of MEMS sensors and actuators for
low cost, mass production and mobile applications. We first present a new optimization scheme of the
heater dimensions based on a heat transfer analysis of the system. The microfabrication process is then
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presented. The fabricated heaters are tested with both transient and steady-state response, showing a low
power consumption (~2 mW) and fast thermal response time (~33 ps). While the steady state power
consumption is among the lowest in MEMS heater based gas sensors [3], our transient response time is
significantly lower than similar microheaters, which usually have millisecond-level response
time[3,27,28]. We leverage this ultrafast thermal response time to heat the microheater for millisecond
periods every second, bringing the average power consumption to as low as 2uW. Finally, we present
sensing results from these microheater-based sensors coated with WOj; nanoparticles while operating in
this ultra-low power heat pulse mode.

2  Microheater Design

Joule heating is utilized to heat the microheaters due to its simplicity in implementation.
Polysilicon is chosen as the resistive heating material for its tunable resistivity, compatibility with
micromachining processes, and its high resistance to electromigration[28—30]. The major design goal of
the microheaters presented here is to maximize the thermal efficiency, i.e., minimize the power
consumption to reach a given temperature. Therefore, understanding the heat loss mechanisms is
paramount. Heat loss to the supporting substrate usually dominates the power consumption of
microheaters. We, therefore, adopt the typical "suspended beam" design to minimize thermal contact
between the heater and substrate (Figure 1).

FIGURE 1

Suspended beam heaters have been investigated exhaustively in gas sensors[5,11-17,27]. Ina
typical design analysis, the main heat loss mechanism is usually considered as the heat conduction
through the beam to the beam anchors, which are treated as heat sinks due to their direct contact with the
substrate. Heat loss through convection and conduction of the surrounding gas and through radiation is
often neglected in larger sized heaters[31]. This traditional treatment is, however, not suitable for our
heater design, because (i) the beam is ultra-thin (200 nm), so heat conduction through the beam is
relatively small; and (ii) the beam dimensions are small, so heat conduction through air is relatively high
due to the high surface area to volume ratio and high temperature gradient near the beam[32]. A detailed
analytical analysis is provided below.

2.1 Analytical Model

The heat loss through conduction of the beam can be estimated as:

ny BATRWE

Pyoam ™ L (1)

where AT is the temperature difference between the beam center and the anchor, L is the length of the
beam, k is the thermal conductivity of the beam material, w is the width of the beam, and ¢ is the thickness
of the beam. This rough estimation assumes a parabolic temperature distribution from the end of the
beam at room temperature to the center of the beam where the maximum temperature is reached, so that
the temperature gradient along the beam direction near the anchor is simply 447/ L. The heat flow will
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be the gradient times the cross sectional area of the beam times the thermal conductivity of the material.
The final factor of 2 arises from the two anchors of the beam.

To estimate the heat loss through air, we first identify the temperature profile of the air around the
microheater. Because the heater is long and thin (¢, w << L), the heat loss can be estimated as two-
dimensional heat conduction in the planes perpendicular to the length direction of the beam. For
modeling purposes, the beam is treated as a cylinder with diameter w, length L, and temperature 47 above
the environment. The temperature profiles in the planes perpendicular to the length direction of the beam
are obtained by solving the two-dimensional Poison equation

BTN AT (2)

where D, is the diameter in the radial direction at which the temperature approaches ambient temperature,
and r is the radial axis of the cylindrical coordinate centered around the beam axis. The heat conduction
through air is therefore
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where k£, is the thermal conductivity of air and the factor of 2 in the denominator reflects the maximum
temperature being at the center of the beam. For the same reason D,, can be approximated as L, since
beyond L the temperature of the air quickly drops to the ambient temperature. With these approximations
and by substituting Equation (2) into (3), the power lost to the surrounding air becomes
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Combining Equation (1) and (4), the total power consumption is:
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FIGURE 2

The beam length may be optimized for the lowest power consumption (Figure 2), when the other
parameters are fixed due to fabrication considerations (i.e. =200 nm, due to film stress and mechanical
strength consideration; and w=2 um, due to photolithography and alignment resolution, and sensing layer
deposition requirements. For the given set of parameters, the optimum beam length is ~100 pm, which
results in a power consumption of ~2 mW to reach 300°C. This optimum length corresponds to the point
when equal amounts of heat are lost through the air and through the substrate. Shorter beam lengths
result in a disproportionately larger heat loss through the beam compared to the decrease in heat lost to
the air. For greater beam lengths, a disproportionately larger amount of heat is lost through the air
compared to the decrease in heat lost to the substrate. Therefore, this analytical result provides a method
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for optimizing the thermal efficiency of microheater beams by balancing the heat loss to the air and to the
substrate.

2.2 Finite Element Analysis Simulation

To further support the analytical calculation, a simulation is performed in ANSYS® (Figure 3)
with the optimized parameters. The simulation gives a total power consumption of 2.5 mW, with 1.2 mW
lost through beam conduction, and 1.3 mW lost through air conduction, in good agreement with the
analytical analysis. To verify the prediction of our analytical model that this is the minimal power to
support 300 °C operation, we also simulated the power consumption at various beam lengths from 40 um
to 140 pm. The results can be found in Fig.2. The data from simulation shows that the minimal power
consumption is acquired at beam length somewhere between 80 um and 100 um, which agrees well with
our analytical model.

FIGURE 3

For gas sensor fabrication, two more components are added to the microheaters: sensing
electrodes for contacting the gas sensing layer and a temperature sensor. Sensor electrodes are deposited
on top of the microheater beam with a separation of 2 um or 4 pm at the midpoint of the beam. This
ensures that the changes in the measured resistance is dominated by the sensing material at the hottest
point of the microheater. Two methods are used for temperature sensing: resistive temperature detector
(RTD) and thermal couple (TC). For the RTD method, Pt is chosen as the temperature sensing element,
due to its large thermal coefficient of resistance (3.73 x 10 near room temperature) and its linear
temperature response over a wide temperature range. For the TC method, Pt is used as one electrode
material and gold (Au) is used for the other electrode. Pt-Au TC is a standard combination with tabulated
output numbers[33,34] and both metals are resistant to silicon etching during the fabrication process.

Several parameters are varied through the different sensor designs. The beam widths include 2
um, 4 um, 8 um, 10 pm, and 16 um; The beam lengths include 56 um, 80 pm, and 110 pm; The
temperature sensors include average Pt RTD, Pt RTD at heated region contacted by Au electrodes, and Pt-
Au TC. The gas sensing electrode gaps are either 2 um or 4 um. In total, 27 different design variations of
the sensor are fabricated. Figure 4 shows one of them. Note that the previous modeling of the
microheater as a 200nm thick polysilicon beam is an equivalent model used to approximate the thermal
properties of the actual microheater consisting of layers of different materials (100 nm poly-Si, 200 nm
Si;N4, 60 nm Pt, etc.)

FIGURE 4

3 Device Fabrication

The fabrication of the microheaters is a 4-mask surface micromachining process followed by a
KOH etch to release the suspended beam structure. Seventy-two (72) microheaters are integrated onto
each sensor chip with an area of 3.2 mm % 3.0 mm. The microheater fabrication process is illustrated in
Figure 5. First, a 100 nm thick layer of silicon-rich low-stress nitride (LSN) is deposited by low pressure
chemical vapor deposition (LPCVD) process onto a 4” silicon wafer, followed by a 100 nm thick layer of
in-situ doped polysilicon and 2 um boron doped silicon dioxide. The wafers are then heated to 1050 °C
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for film stress release, dopant diffusion, and dopant activation within the polysilicon layer. The oxide
layer is then removed using a buffered hydrogen fluoride (BHF) etch bath (Figure 5a). The sheet
resistance of the polysilicon is measured to be 38 Q/sq. 1-um Fujifilm® OiR 897 photoresist is spun on
the substrate and patterned using photolithography (mask 1, Figure 5b). The polysilicon layer and the
LSN layer are sequentially etched using a plasma etcher, where the photoresist serves as the etching mask.
The photoresist is then stripped off with acetone and the wafers are cleaned in piranha solution ( Figure
5¢). Another 100-nm-thick LSN layer is deposited ( Figure 5d) and again patterned using the
photolithography-etching-cleaning technique (mask 2, Figure 5e) to encapsulate the polysilicon
microheater. Metals are then deposited onto the devices to create the sensor leads and the temperature
detection element and make electrical contact to the microheaters. To do this, another photoresist layer is
spun on and patterned (mask 3), and 1.2/60nm thick chromium/platinum layer is e-beam deposited onto
the substrate. The chromium layer is used as an adhesion layer between the substrate and platinum. The
metal layer is patterned following a lift-off process in acetone in an ultrasonic bath (Figure 5f). The
wafers are then annealed in nitrogen environment at 350 °C for 1 hour to release Pt film stress. A similar
photolithography-evaporation-lift off process is carried out to deposit another patterned layer of
1.2/100nm thick chromium/gold (mask 4, Figure 5g). Finally, the wafers are diced into individual chips
and the suspended microheater beam is released by etching the underlying silicon substrate in a KOH bath
at 80 °C (Figure 5h). To facilitate the KOH release process, the beams are all angled at 45 degrees so that
the etching of silicon substrate can proceed freely underneath the beam without hitting the <111> plane
where the etch rate is very low[35].

FIGURE 5

The nanoparticle sensing layer is deposited using precision solution deposition or by shadow
mask evaporation. For small batch testing, we first use sharp porous cellulose-based tips to soak up
nanoparticle suspension, and then use micromanipulator to move the tip into contact with the microheater
for the deposition of the nanoparticles. The porous cellulose-based tip is soft enough to safely contact the
suspended heaters without breaking them and can store sufficient amount of solvent to avoid drying
during deposition. For mass production, shadow mask deposition can be carried out sequentially to allow
the integration of a multi-functional sensor array in one sensor chip[2]. Using this method, the sensing
layer is shadow mask deposited either by evaporating metal oxide (e.g. zinc oxide, tin oxide, or tungsten
oxide) directly or by first evaporating a thin layer of metal (~20nm), which is subsequently oxidized in air
at 180 °C.

4  Microheater Characterization

4.1 Steady State Characterization

Figure 6 shows SEM images of the fabricated microheater arrays. The microheater arrays (Fig. 6,
upper left) consist of eight rows of microheaters. Each row contains nine microheaters suspended over a
trench of approximately 20 um in depth. The individual microheater devices (Fig. 6, right) each contain 6
electrical contacts: two for microheater source and drain, two for the sensing electrode pair, and two
contacts for the temperature sensor, either an RTD or a TC (Fig. 6, bottom left). The sensing electrodes
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have a gap of 2 um at the center of the beam to probe the electrical properties of the to-be-deposited
sensing layer at the hottest region of the microheater. The microheater is angled at 45° to facilitate under-
etching by the anisotropic KOH etch.

FIGURE 6

For electrical characterization, the microheaters are mounted into a chip carrier and electrical
contact are made with the microheater, sensor electrode and temperature sensor via wire bonding. A
device absolute-maximum-rating test was performed on a microheater with the following parameters:
beam width: 10 um; length: 110 um; trench width: 74 um. The microheater voltage is increased until the
device fails. To roughly gauge the temperature of the microheater prior to failure, the optical emission of
the device is observed. At a bias voltage of 8.7 V, corresponding to a power of 34 mW, the microheater
has a bright orange color (Figure 7), which is estimated to be roughly 950 °C. (see Figure 9 for the optical
method used for temperature measurement). The heater fails at a bias of 9 V. This test demonstrates that
the thermal stability of the microheater heater is sufficient to cover the temperature range for SMO sensor
operation (250 °C - 450 °C) .

FIGURE 7

To more accurately measure the temperature, microheaters are equipped with resistive
temperature detectors (RTD) or thermal couples (TC). Figure 8 shows data collected from the resistive
temperature detector (RTD) and thermal couple (TC) of 10 pm wide and 80 pm long devices. Figure 8a
shows the resistance of a platinum RTD versus microheater bias voltage. Figure 8b shows the output
voltage from a gold-platinum TC versus microheater bias voltage. The RTD and TC measurements
should have a linear dependence on temperature. When radiation power can be neglected (as in this case),
temperature is linearly proportional to input power. Therefore, these data should have a quadratic
dependence on bias voltage (red curve). At voltages below 4V, the data fit the quadratic curve quite well,
with coefficient of determination (R?) to be 0.9961 for RTD data and 0.9972 for TC data. At higher
voltages, Joule heating induces non-negligible phonon scattering, which increases the microheater
resistance, causing the temperature sensor reading to deviate from the quadratic fit. According to the
RTD reading (the resistance of Pt at 300 °C is ~2.0 times the one at room temperature), the heater
temperature reaches ~300 °C with 5.0 V supply voltage, 1.4 mA current, and 6.8 mW power consumption.
Note that the power consumption is higher than in the previous calculation and simulation, since the
microheater used in the test is much wider (10 um).

FIGURE 8

Some microheaters are designed without integrated temperature sensors, so that they are narrower
(2 pm) to achieve maximal thermal efficiency. Here we describe an optical method used measure the
temperature of the microheater in the absence of an embedded temperature sensing element. Briefly, a
spectrometer (Renishaw®™ RM1000) is used to measure the local thermal radiation spectrum of the
microheater. First, one of the microheaters is located and centered under the objective of the spectrometer
with illumination on. Next, the illumination is turned off and we slowly ramp up the voltage applied on
the microheater until we see the microheater glowing. The radiation spectrum is collected by the
spectrometer with a "high-confocal” option to locally measure the temperature (~5 pm area according to
manufacturer's manual). We model the thermal radiation from the microheater as gray body radiation (i.e.
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constant emissivity in the photon energy range of 1.5 eV~1.9 ¢V). The temperature of the microheater is
calculated by fitting to a Planck distribution. Figure 9 shows emission spectra collected at two different
microheater powers and the corresponding fit to a Planck distribution. Figure 9a shows data collected at
the onset of glowing. Fitting to a Planck distribution gives a calculated temperature of 682 °C. When
driving the microheater to higher temperatures, the emitted spectrum also fits well to a Planck distribution.
Figure 9b shows data collected when the microheater device is glowing bright reddish orange, giving a
calculated temperature of 892 °C.

FIGURE 9

Assuming constant heat conduction and using Equation (5), we can deduce the power required to
reach 300 °C, since there is a linear proportionality between relative temperature and power. Therefore, a
heater with 2 um width and 80 um length, which begins to glow (i.e. reach ~700 °C) at 5.2 mW, can be
heated to 300 °C with a power of 2.1 mW for an ambient temperature of 20 °C.

4.2 Dynamic Response Characterization

Power consumption is further reduced by operating the microheater in heat pulsing mode[26], in which
the heater is powered on for only a fraction of the time. The average power consumption can therefore be
proportionally reduced. Our previous studies[26] reveal that an on-off time ratio of 1:5 does not affect the
sensor performance. Using the same on-off time ratio, the microheaters will only consume approximately
350 uW average power when being pulsed to 300 °C. However, if the thermal response time of the
microheaters is reduced, the duration of the heat pulse can be correspondingly reduced resulting in lower
duty cycling and, therefore, lower power consumption.

To assess the thermal response time of the microheater presented in this work, we characterized the
transient electrical response of the microheater to changes in bias voltage. A short thermal response time
of the microheaters is critical for low duty cycle heat pulse operation. Measurement of the thermal
response time of the microheaters is necessary to determine a minimum width of a heat pulse. Here we
use a resistance measurement method to determine the thermal time constant of the microheaters, which
exploits the temperature dependence of the electrical resistivity of polysilicon. The circuit diagram is
illustrated in Figure 10(a). A signal generator creates a square wave that toggles between V., and V.
The square wave voltage signal is buffered by a power amplifier with low output resistance to drive the
microheaters. A resistor R; << Ry..er 18 connected in series with the microheater to monitor the current
flowing through the microheater. The voltage drop on R; is amplified using a buffer amplifier connected
to an oscilloscope, where a voltage proportional to the current flow through the microheater is displayed
and analyzed.

FIGURE 10

According to Equation (5), power loss to the environment from the microheater is linearly proportional to
the heater temperature above ambient and can be therefore described as

PlDBS{T} = kaT (6)
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where £, is the heat conductance from the microheater to the environment, and 7 is the temperature of the
microheater (with respect to the ambient temperature). The steady state microheater temperature is
defined to be Ti.x when the driving voltage is at Vi, and T, at Vi, If at t=0 the driving voltage
changes from V. to Vi, the change in temperature of the microheater is described by

-y
P

. = F“ - F!.DE "RT’ (7)

where C is the total heat capacity of the microheater. Here P, is the input power corresponding to a
steady state heater temperature of 7, SO Piy = Ploss (Tmin) = ke Tin. Plugging this into Equation (6), we
have

-, = keTmin — kel 3

Solving this equation with boundary condition 7 (¢ = 0) = T, and T (¢ = ©0) = T, the temperature of the
microheater is observed to follow exponential behavior

E
T= (Tma.x - Tmin.}e T+ Tmin (9)

where T = C / k, is the thermal time constant. Assuming a linear temperature coefficient of the electrical
conductivity of polysilicon in the vicinity of T\, and T}.x, We see that the current flow through the
microheater would follow the same exponential behavior and the thermal time constant of the microheater
can therefore be extracted from the transient response of the microheater resistance. We note that the
electrical RC time constant will also affect the transient response to this voltage change. However, the RC
time constant is on the order of nanoseconds, since Rycq. 18 in kQ range and parasitic capacitance of the
heater is in pF range, and can be neglected. Figure 10b shows the output voltage versus time when the
voltage changes from Vi, to V.x (upper) and vice versa (lower) for a microheater with 10 pm width and
80 pm length. The insets show the exponential fittings to the data. The data fit well to the exponential
curves and the extracted time constant for this heater is 76+2 ps. The smaller heaters have even shorter
time constants due to smaller heat capacity of the heaters. For example, the 2 um wide, 56 um long
microheaters is measured to have a time constant of 3344 ps. Such a short thermal time constant allows
the microheater to operate at very short pulses, potentially resulting in ultra-low average power
consumption.

5 Gas Sensor Characterization

The lower power microheater described here is functionalized with WO; nanoparticles via precision
solution deposition (described above) to create a hydrogen sulfide (H,S) sensor. This material system has
been previously shown to be an effective H,S sensor using a commercially available microheater with a
peak power consumption of 40 mW to reach 300°C[26]. This previous study showed that the electrical
conductance of the networks of WO; nanoparticles increased when exposed to H,S when heated to 300°C.
Furthermore, these sensors can be heated with short voltage pulses to decrease the average power
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consumption. Here we describe a similar result achieved with much lower power consumption with the
microheater devices described in this work.

Figure 11 shows the current through a WO; nanoparticle network deposited on the microheater bridge as
the device is heated to 300°C for one second every six seconds. As the sensor is heated, the current
increases, due to the semiconducting nature of WO; and this “heater on” current is increases upon
exposure to H,S concentration. The peak power consumption for this device is 1.5 mW resulting in an
average power consumption of only 250 pW. This is roughly 3 orders of magnitude lower than
commercial SMO sensors. Microheaters operating in “pulsed heating” mode at 300°C have been shown to
operate for over three months with the resistance varying by less that 5% in that time.

FIGURE 11

Given the fast thermal response of the microheaters described in this work, these heat pulses can be
shortened to the millisecond regime. Figure 12a shows the sensor conductance (during the heated phase
only) for 1-ms heat pulses versus time. This microheater has a peak power consumption of about 1.5 mW
to attain a temperature of 300°C, which is the optimal operating temperature for this sensor. The 1-ms
heat pulses are applied once a second, giving an average power consumption of only 1.5 uW. This level
of power consumptions is reaching the range of electrochemical sensors with a much simpler method of
fabrication and assembly, much smaller form factor, and composed of robust, high temperature-
compatible materials.

FIGURE 12

While the response of the sensor for the ultra-short heat pulses is not as fast as with longer heat pulse
times (T ~minutes, not seconds), this mode of measurement could be used to “monitor” the environmental
conditions. If the sensor conductance begins to respond after exposure to H,S like shown in Figure 12a,
the heat pulse duration can be increased. The response time decreases when the heat pulse duration is
increased 100 ms, as shown in Figure 12b. Here the response time of the sensor has decreased from the
order of minutes to about 10 seconds. A likely reason for this decrease in response time is that the
chemical reactions at the root of the sensing mechanism have reaction rates much slower than the thermal
response of the microheater.

CONCLUSION

We have demonstrated an ultra-low power, fast responding microheater based gas sensor
platform. The ultra-low power operation is a result of combining the two advantages gained through
miniaturization: (1) the drastic reduction in microheater surface area reduces the peak power to
approximately 1 mW, and (2) the short response time of tens of us allows the sensor to be heated with
short pulses, resulting in an average power consumption of as low as 1.5 uW. Being compatible with
commercialized Poly-MUMPs" process, the gas sensing microheater platform presented here can be
integrated with other MEMS sensors and actuators, allowing for low-cost mass production. As a proof of
concept, this platform is used to create a hydrogen sulfide gas sensor, but it can be used for a wide array
of sensing applications, which require thermal activation, such as pellistors. The ultra-low power
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consumption of the microheater platform presented here enables new applications for microheater sensor
technology, such as for smart phone-embedded gas sensors and long-term battery powered air monitors.
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Figure 4
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Figure 5
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Figure 7
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Figure 11
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Figure 12
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Figure Captions:
Figure 1. Design concept of the suspended microheater.
Figure 2. Power required to reach 300°C versus microheater beam length.

Figure 3. (a) Temperature distribution along the length of the beam; (b) Temperature profile of
the air around the beam, as determined by ANSYS simulation.

Figure 4. A typical microheater sensor design. (a) Top view. (b) Cross section view of dotted
line in ().

Figure 5. Microheater fabrication process. Color code: Silicon (blue), silicon nitride (green),
boron-doped silicon glass (pink), chromium/platinum (brown), and chromium/gold (orange). See
text for detailed description of fabrication process.

Figure 6. SEM images of the fabricated microheater array. (Upper Left) Microheater array
showing rows of nine microheaters suspended over trenches. (Right) A single microheater
device. (Lower Left) Zoom-in on the center of the microheater showing the sensing electrodes
with a gap for the sensing layer and a Pt-Au thermocouple junction.

Figure 7. Maximum thermal stability test. Optical images of microheater device with no applied
voltage (left) and with 8.7 V biased across the microheater (right).

Figure 8. Temperature sensor characterization. (a) RTD resistance vs. microheater bias voltage.
(b) TC output voltage vs. microheater bias voltage. Red curve is a quadratic fit to the data.

Figure 9. Temperature measured on the microheaters using spectrometer with fittings of Plank
distribution. (a) is measured when the radiation from the microheater becomes barely visible to
naked eyes, and (b) is measured when the microheater becomes fairly bright.

Figure 10. Transient thermal response of the microheaters. (a) Diagram of the test setup. (b)
Measured microheater current. Inset: Data fitted to exponential curves to extract thermal time
constants.

Figure 11: Hydrogen Sulfide gas sensing using the new microheated sensors. The upper panel
shows the current through a WO3 nanoparticle network operating in “heat pulse” mode (the
device is heated for one second every six seconds) while it is exposed to hydrogen sulfide gas.
The gas concentration is shown in the lower panel.

Figure 12: Plot of sensor conductance during heat pulse phase versus time while exposed to 50
ppm H-2-S. The heater voltage is pulsed for (a) 1-ms and (b) 100-ms heat pulses every second.
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