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In this paper, we report a micromachined thermoelectric gas sensor with an embedded
catalyst that can be used for gas sensing applications. The proposed sensor can detect the
target gas by measuring heat from the catalytic reaction on the surface of the catalyst, tin
oxide in this case. By using the thermoelectric effect, decreased response and recovery
times can be obtained. To increase the sensitivity of the sensor, the thermal components
of the proposed gas sensor are fabricated on a high-thermal-resistivity layer, SU-8 in this
case, which led to the reduction in the rate of parasitic heat transfer to the substrate. In
order to verify the thermal characteristic of the fabricated sensor, the intensity of output
signals depending on the temperature differences between the hot and cold junctions was
measured. The sensor response to the temperature change was 4.61 V/W. Hydrogen and
NO, gases were detected by the proposed sensor. The change in output signal intensity
depending on hydrogen gas concentration was 1.06x10" uV/ppm, and the change in
output signal intensity depending on NO, gas concentration was 1.50x10" pV/ppm.

1. Introduction

With increasing interest in air quality, the demand for monitoring or detecting harmful
gases has also increased. In particular, the demand for detecting hydrogen and nitrogen
oxide (NO,) gases has increased sharply because the accumulation of these gases, which
are air pollutants released from the combustion exhaust of automobile engines, home
heaters, furnaces and plants, has become more serious worldwide in recent years.("

The major issues in gas sensor research have been classified into two categories,
namely, sensing materials and sensing methods. There have been many efforts for
improving sensing materials, but with respect to sensing methods, the resistance
measurement type dominates over all other sensing methods.>* However, it is difficult
to apply it to real-time and continuous detection. Previous investigations on the
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resistance measurement type are based on the measurement of the change in electrical
resistance. They require continuous electrical power supply for the measurement,
which results in a large electrical power consumption. Moreover, because the resistance
measurement type uses a thick catalyst layer, which is good for a higher sensitivity but
bad for a faster reaction, response and recovery times are delayed (~min).® Furthermore,
this measurement type requires complicated fabrication steps and a relatively complex
measurement circuitry. For example, metal semiconductor sensors require annealing
processes at extremely high temperatures in excess of 400°C,©® and solid-electrolyte
gas sensors require ceramic substrates, such as zirconia-based materials, and annealing
processes for activating the substrate.”

A thermoelectric gas sensor based on a thermopile would be a strong candidate for
effective and inexpensive gas detection because of its easy, reliable working principle
and good sensing performance for a wide range of gas concentrations.® It can convert
temperature change due to the catalytic reaction heat between the catalyst and gas
species to an electric signal via the Seebeck effect.!® Furthermore, it does not require
an additional measurement circuitry and any power supply because it can detect gas by
measuring only the generated electrical potential due to the reaction. Also, by simply
changing the catalytic materials used in the device, the user can use this sensor to detect
other gases.(!V

The electrical potential measured by the thermoelectric gas sensor is proportional
to the temperature difference between the hot and cold junctions of the thermopile. To
achieve a high-sensitivity thermoelectric gas sensor, it is important to reduce the rate
of heat transfer from the thermopile to the substrate, which is called ‘parasitic heat
transfer.” In previous studies, diaphragm structures, floating membrane structures or
elevated structures of thermoelectric sensing layers were used to minimize parasitic
heat transfer.('>'¥ However, the use of these structures has downsides, such as the yield
reduction of the device due to a complicated bulk-micromachining fabrication process.
In particular, elevated thermoelectric gas sensors are fragile to agitations induced by
fluctuations in external gas flow and by mechanical shocks.

In this paper, a simple structured thermoelectric gas sensor is proposed. By using a
thermopile, the proposed sensor can detect the target gas by measuring the reaction heat
between the gas and a thin catalyst film. To improve the sensitivity of the thermoelectric
gas sensor by minimizing parasitic heat transfer from the thermopile to the substrate
without complex fabrication steps, thermoelectric components were fabricated
simultaneously on a high-thermal-resistivity layer. The voltage difference between the
two thermopiles, one with a catalytic layer, and the other with a reference thermoelectric
layer, was measured using a differential amplifier to eliminate external thermal noise.
The proposed gas sensor was fabricated using MEMS technology and characterized by
its capability to detect hydrogen and NO, gases.

2. Materials and Methods

Figure 1 shows the schematic view and sensing principle of the proposed gas sensor.
The gas sensor consists of a 100-pum-thick high-thermal-resistivity layer and sensing and
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Fig. 1. Conceptual views of the proposed thermoelectric gas sensor: (a) principle of gas sensing
based on a thermopile and (b) schematic view of the proposed thermoelectric gas sensor.

reference thermopiles with bismuth and chrome pairs. SnO, is used as the catalyst layer,
which is embedded under the hot junctions of only the sensing thermopile. Among the
different materials studied for gas-sensing applications, SnO, was found to be the most
appropriate among all the other metal oxides. The gas sensing properties of this material
have been widely been reported in the literature. Well-known advantages of this material
include its low cost and high sensitivity to different gas species.('¥

The measurement circuit on the printed circuit board (PCB) is integrated with the
sensor. The circuit consists of two low-pass filters (LPFs) that filter out electrical noise
and a differential amplifier (AD620, Analog Devices, Inc., USA). The cutoff frequency
of the designed LPFs is 80 Hz.

Detailed dimensions are as follows: (1) overall dimensions: 28 mm (1)x23 mm (w);
(2) width of the thermopile: 50 um; (3) length of the thermopile: 5 mm; (4) thickness of
the bismuth and chrome layers: 1 um; (5) number of thermocouples: 120; (6) size of the
catalyst layer: 150 um (1) x 200 um (w)*0.3 um (h); and (7) thickness of the SU-8 layer:
100 um (Table 1).

2.1  Sensing principle

For the detection of the target gas, a catalyst film is embedded under only the hot
junctions of the thermopile. For the removal of thermal noises, a reference thermopile,
which has no catalyst layer, is integrated with the sensing thermopile. The differential
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Table 1
Geometrical parameters of the thermoelectric gas sensor.
Parameter Dimension
Overall size 28 mm (1)*23 mm (w)
Width of thermopile 50 um
Length of thermopile 5 um
Thickness of thermopile 1 pm
Number of thermocouples 120
Size of catalyst layer 150 pm (1) x 200 pm (w) x 0.3 pm (h)
Thickness of SU-8 (thermal resistivity layer) 100 um

amplifier can extract the output signal changes due to only the gas reaction.

When the target gas is adsorbed by the catalyst surface, reaction heat due to the
catalytic reaction between the gas and the catalyst surface is generated immediately,
as shown in eq. (1), and the generated reaction heat increases in temperature at the hot
junctions. By measuring this temperature change at the hot junctions and using eq. (2),
the target gas can be detected.

NO,,, <> NO, 4 * reaction heat (1)
H, ., <> H, 4 T reaction heat

AV =nxRxAT (n=1,2, 3...) )

AV output voltage

n: number of thermocouples

R : difference in Seebeck coefficient between materials that compose thermopile
AT : temperature difference between hot and cold junctions

The integrated Seebeck coefficient of 120 thermocouples (nxR) is 11.6 mV-K"!. Because
the temperature difference is proportional to the amount of reaction heat, linear output
signals can be obtained depending on the gas concentrations.

2.2 High thermal resistivity layer for sensor sensitivity increase

We propose a high-thermal-resistivity layer of SU-8 (SU-8 2100, MicroChem. Corp.,
USA) for the insertion between the substrate and the thermoelectric components. By
using only the SU-8 layer instead of a bulk-micromachined structure, parasitic heat
transfer can be minimized.

Thermal energy due to the catalytic reaction is transferred to the substrate and
the thermal sensing component simultaneously. To increase the sensitivity of the
sensor, it is important to concentrate the thermal energy transfer to only the thermal
sensing component. This means that the parasitic heat transfer to the substrate must be
minimized.

The relationship between the rate of parasitic heat transfer to the substrate per
temperature change and the thermal conductivity of the substrate can be expressed by egs. (3)
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and (4),1 and Fig. 2 shows a simplified thermal modeling.
R.=L/(kA) 3)

R;: thermal resistance (°C/W)

L: thickness of layer (m)

k: thermal conductivity of layer (W/m-°C)
A: area of layer (m,)

-_ 9 _ 1
1= AT Rt + Rp, )

g: rate of heat transfer per temperature change (W/°C)
q: rate of heat transfer (W)

AT: temperature difference (°C)

Ry, : thermal resistance of SU-8 layer (°C/W)

R,: thermal resistance of silicon substrate (°C/W)

The thicknesses (L) of the silicon substrate and the SU-8 layer were 500 and 100 pm,
respectively. The area (4) of each layer was 15 mm?, which was the same as that of the
catalyst layer region. The thermal conductivities (k) of silicon and SU-8 were 130 and
0.15 W/m-°C, respectively. Using eq. (3), the thermal resistances of the SU-8 layer (Ry,)
and the silicon substrate (R,) were calculated to be 33.33 and 0.26 °C/W, respectively.
At the same time, the rate of the parasitic heat transfer to the substrate per temperature
change was 3.85 W/°C when only the silicon substrate was used. On the other hand,
when the SU-8 layer was used as the thermal resistivity layer, the rate of parasitic heat
transfer to the substrate per temperature change was calculated to be 0.03 W/°C by eq. (3),
which is 0.8% of that obtained with the use of only the silicon substrate.

It was also important to consider the thermal conductivity of the thermopile itself
since its high thermal conductivity reduced the temperature difference between the hot

0

i([sub.m'ale V thermopile

F———~ Q: thermal energy

1
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Rg, ! C

: Ry; : thermal resistance of silicon substrate

: Ry, : thermal resistance of Cr layer

1

_____ Ry, : thermal resistance of Bi layer
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Fig. 2. Thermal analysis of the proposed sensor: a simplified thermal modeling.
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and cold junctions. In this study, the thermopile composed of 120 thermocouples had a
width of 50 pm, a thickness of 1 um, and a length of 5 mm, and thermal conductivities of
Cr and Bi were about 94 and 8§ W/m°C, respectively. By using these parameters and eq.
(3), thermal resistances of Cr and Bi layers were calculated to be 88,652 and 104,1667
°C/W. Thus, the thermal resistance of the thermopile was calculated to be 81,700
°C/W, and the rate of heat transfer per temperature change through the thermopile was
1.22x1073 W/°C, which was much less than that in the case of the substrate previously
mentioned. Although the thermal conductivity of the thermopile was higher than that
of the substrate, heat loss through the thermopile was insignificant because the length of
the thermopile was large and its cross-sectional area was very small. Thus, the thermal
conductivity of the thermopile was negligible.

To verify the result of the calculation, a computational simulation using Fluent 6.0
(Fluent Inc., USA) was carried out. Figure 3 shows the results of the simulation. From
these results, it was observed that when the thermal resistivity layer was used, the
parasitic heat transfer to the substrate was completely prevented because the thermal
component was thermally isolated.

2.3 Fabrication of the thermoelectric gas sensor

All components of the proposed thermoelectric gas sensor were produced using
only surface micromachining techniques. Figure 4(a) shows the simplified fabrication
process. Optical photographs of the fabricated microcalorimeter and its package are
shown in Fig. 4(b).

First, a 100-um-thick SU-8 layer is spin-coated on a Pyrex wafer to obtain a high-
thermal-resistivity layer. Second, a 2.3-um-thick photoresist is spin-coated on the SU-8
layer and patterned to define the catalyst pattern, and then, a 0.3-pm-thick SnO, layer is
formed on the Pyrex substrate using a thermal evaporator and the lift-off process. The tin
oxide catalyst layer is sintered at 300°C for 3 h. After this patterning, a 1-um-thick Ti-

(@)

High thermal
resistivity layer
(b) _Sensor |
| —
Fig. 3. Thermal analysis of the proposed sensor using Fluent: (a) computational simulation result

when only the silicon substrate is used and (b) computational simulation result when the high-
thermal-resistivity layer is used with the silicon substrate.
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(1) Thermal resistivity layer (2) Catalyst layer deposition by
deposition on Pyrex substrate lift-off process
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(3) Cr deposition and (4) Bi deposition and
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Fig. 4. (a) Simplified fabrication process for the proposed thermoelectric gas sensor using 4
masks and (b) optical views of the fabricated thermoeletric gas sensor.

Bi layer is deposited on the SU-8 layer using a sputtering system and is patterned. Ti is
used to fabricate the adhesion layer for the Bi deposition. A 1-um-thick Cr is deposited
and patterned as crossed with Ti-Bi patterns. By these metal patterning processes, the
thermopile composed of 120 Bi-Cr pairs is realized. The hot junctions of the sensing
thermopile are defined on the catalyst layer.

3. Results and Discussion

3.1  Thermal characteristics of the proposed thermoelectric gas sensor

To determine the thermal characteristics of the proposed sensor, output signals that
depend on the temperature difference between the cold and hot junctions were measured
for N, gas. N, gas at temperatures from 5 to 35°C higher than room temperature was
injected to only the hot junctions of the sensing thermopile, and the output voltage
changes due to the applied heat were measured.

The applied heat and the thermal sensitivity of the sensor can be calculated using eqs.
(5) and (6). The thermal sensitivity means output voltage change per applied heat. It is
a constant value determined by the sensor design and can be converted to output voltage
per unit temperature change.
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q = CxmxAT 5)
q: applied heat (W)
m: mass flow rate of N, gas (g/s)
AT: temperature difference (°C)
C: specific heat (cal-g'-°C™")
Thermal sensitivity =AV/g (6)

Thermal sensitivity: output voltage change per applied heat (V/W)
AV measured output voltage depending on temperature difference between junctions (V)

The thermal sensitivity of the sensor was 4.61 V/W (= 3.01 mV/°C) depending on the
temperature difference between the hot and cold junctions, as shown in Table 2 and
Fig. 5. This value was lower than the designed value (11.60 mV/°C™") mentioned in § 2.1,
because there was still heat loss to the air and substrate even when a thermal resistivity
layer was used. However, from this comparison, we could state that the fabricated sensor
performance and the measurement process were valid for a gas sensing application.

3.2 Detection of hydrogen and NO, gases

The fabricated gas sensor was characterized by its capability to detect hydrogen
and NO, gases. Figure 6 shows the measurement setup. Three gases, namely, N,, H,,
and NO,, were used for the measurement. N, gas was used as the reference gas. H,
and NO, were used as the target gases and were in a specific concentrated mixture
with N, gas. The concentration of each gas was precisely controlled using a mass flow
controller (100 ml/min). By using a heat exchanger and an environmental chamber (60
cm (w)x50 cm (1)x50 cm (h)), the surroundings of the sensor and the injected gases
were maintained at fixed temperature and humidity. In the environmental chamber, the
fabricated sensor was loaded into a reaction chamber of acryl (3 cm (w)x5 cm (1)X3 cm
(h)), which was directly connected to the heat exchanger by a pipe. The temperature
of the substrate was monitored by a commercial precision temperature sensor (LM35,
National Semiconductor Corp., USA). The output signal changes due to the catalytic
reaction between the target gases and the SnO, catalyst were recorded by an I-V meter
(Semiconductor Characterization System 4200, Keithley).

Table 2
Output signals of the proposed gas sensor depending on temperature differences between hot and
cold junctions.

Temperature  Applied thermal Measured output voltages (mV) Thermal sensitivity

difference (°C)  energy (mV)  Average Standard variation (V/W)
5 178.04 12.38 1.35 4.51
15 534.12 35.38 1.52 4.29
25 890.20 68.94 341 5.02

35 1246.28 81.96 2.75 4.26
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Fig. 5. Output voltage changes depending on temperature differences between the hot and cold
junctions. The thermal sensitivity of the sensor was 3.01 mV/°C (= 4.61 V/W) depending on the
temperature difference between the hot and cold junctions. The result shows good linearity to the
temperature.
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Initially, the reference gas, dehydrated N, gas, was supplied into the chamber at
a constant flow rate. During this step, the output voltages changed slightly owing to
the gas flow itself. This noise was compensated for by comparing the output voltages
between the sensing and reference thermopiles. Then, the reference gas was switched
to the target gases, and the target gases of various concentrations were introduced into
the chamber. After a specific time had elapsed for gas reaction, the reference gas was
resupplied into the chamber instead of the target gases. All experiments were performed
several times, and no chemical or physical alterations of the catalyst were observed.

3.2.1 Hydrogen gas detection

The concentration of the hydrogen gas was varied from 1,000 to 10,000 ppm. The
operating temperature of the sensor was room temperature (27°C). Figure 7 shows the
response of the thermoelectric gas sensor to 1,000 ppm hydrogen gas in N, gas. When
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Fig. 7. Measured output voltages during detection of 1,000 ppm hydrogen gas. When the
hydrogen gas of the same concentration was resupplied into the reaction chamber, a very similar
pattern of AV was reproduced. The response and recovery times were 7 and 25 s, respectively.
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the hydrogen gas was introduced into the reaction chamber, the output voltage AV of the
sensor increased markedly and then reached the steady state. A} saturated at about 115
pV in just 7 s (= response time, which is defined as the arrival time to 90% of the average
of the differences from the starting level to the target level). Then, AV recovered to its
initial value, near the zero level, only 25 s after the hydrogen gas supply was stopped
(= recovery time). When the hydrogen gas of the same concentration was resupplied
into the reaction chamber, a very similar pattern of AV was reproduced. The recovered
zero level voltage was very stable and no conspicuous drift was observed. This indicated
that the reaction heat generated by the catalytic reaction reached thermal equilibrium
with the heat loss to the surroundings of the sensor, such as the flow of the injected
gases and substrate. During the experiment, no temperature changes of the substrate
were observed. Figure 8(a) shows the output signal change depending on the hydrogen
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Fig. 8. Results of hydrogen gas detection. (a) Output signal change depending on the hydrogen
concentration. The sensitivity of the proposed sensor for hydrogen gas detection was measured
to be 1.06 x 107" uV/ppm. (b) The response and recovery times of the proposed sensor
depending on hydrogen concentration were much less than those of the previous resistance
measurement type.
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concentration. The sensitivity of the proposed sensor for hydrogen gas detection was
measured to be 1.06x10" uV/ppm. Figure 8(b) shows the response and recovery times
depending on hydrogen gas concentration.

3.2.2 NO, gas detection

The experimental process for NO, gas detection was almost the same as that for
hydrogen gas detection. NO, gas of various concentrations from 100 to 1,000 ppm was
used. The operating temperature of the sensor was 100°C, which was the temperature
required to activate the catalyst layer. Figure 9 shows the sensor response for 1,000 ppm
NO, gas in N, gas. When 1,000 ppm NO, gas was introduced into the reaction chamber,
output voltage saturated at about 100 pV. Figure 10(a) shows the output signal change
depending on NO, gas concentration. The sensitivity of the proposed sensor for NO, gas
detection was measured to be 1.50x10"" uV/ppm. Figure 10(b) shows the response and
recovery times depending on NO, gas concentration. The response and recovery times
were shorter than 1 min.
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Fig. 9. Measured output voltages during detection of 1,000 ppm NO, (NO,) gas. When the 1,000
ppm NO, gas was introduced to the reaction chamber, the output voltage became saturated at about
100 pV, and the response and recovery times were 51 and 48 s, respectively.
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Fig. 10. Results of the NO, (NO,) gas detection. (a) The output signal change depending on NO,
gas concentration was 1.5x107" puV/ppm. (b) The response and recovery times of the proposed
sensor depending on NO, gas concentration were shorter than 1 min.

4. Conclusion

A thermoelectric gas sensor was designed and fabricated for the simple and fast
detection of hydrogen and NO, gases. Previous gas detection research studies have
focused on high sensitivity, good selectivity, and fast detection. Improvements in the
sensitivity and selectivity of the sensor can be achieved depending on the type of catalyst
used. With respect to the detection method itself, the improvement in detection time
has emerged as an important issue. In the case of the resistance measurement type
based on a thick catalyst layer, the gas absorption process requires 5—7 min at least,
which makes fast response and recovery impossible. Therefore, we propose a novel
gas sensing method based on a thermoelectric device for real-time detection. By using
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a thin catalyst film, response and recovery times markedly improved, and operating
temperature decreased. The fabricated gas sensor was characterized by its capability to
detect hydrogen and NO, gases. In H, and NO, gas detection, the measured response and
recovery times (~s) were much less than those of the previous gas sensors (~min). By
using a reference thermopile, various noises, such as the temperature of the air and a drift
in the intensity of the sensor signal due to gas flow, were compensated for automatically
without any power consumption or thermal calibration step. The proposed sensor has not
only simple structure and measurement process, but also good integration compatibility
with other components for gas detection and gas property analysis. Therefore, it can be
applied in various fields, such as lab-on-a-chip design.
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