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Abstract. It is demonstrated how a commercially available MEMS thermopile infrared radiation sensor can be
used as thermal conductivity gas detector (TCD). Since a TCD requires a heater while IR-thermopile sensors
have no integrated heater, the thermopile itself is used as heater and temperature sensor at the same time. It is
exposed to the measured gas environment in its housing. It is shown that, by using a simple driving circuitry, a
mass-produced low-cost IR sensor can be used for hydrogen detection in applications such as hydrogen safety
and smart gas metering. The sensor was tested to measure hydrogen in nitrogen with concentration of 0-100 %

with a noise equivalent concentration of 3.7 ppm.

1 Introduction

In this paper, a new very low-cost hydrogen sensor with high
levels of reliability will be introduced. The sensor is based
on a thermal conductivity measurement performed with a
commercial thermopile IR sensor device. The sensor’s per-
formance makes it suitable for applications such as hydrogen
measurement in smart gas metering and hydrogen technol-
ogy safety.

1.1 Motivation

Hydrogen fuel cell systems are of growing interest in the area
of sustainable transportation as well as for stationary electric
power in remote areas, distributed electric energy generation,
in space and other closed environment and auxiliary power
systems (Appleby and Foulkes, 1989).

Since a mixture of hydrogen and air is highly explosive
in concentrations between 4 and 75% hydrogen (Kenneth
Barbalace, 1995-2015), leakage monitoring is necessary for
safety reasons. In particular, the high pressure in hydrogen
pressure tanks can lead to significant safety issues (Larminie
and Dicks, 2003).

Another use for this kind of sensor is measuring the hy-
drogen content in natural gas systems. Hydrogen that is pro-
duced with electric energy from excess wind and solar en-

ergy by electrolysis can be added to existing gas systems
(Gahleitner, 2013) up to a content of 5%. The GERG (Euro-
pean Gas Research Group; Winkler-Goldstein and Rastetter,
2013) sees the potential to add an amount of up to 20 %. In
this case, it is necessary to monitor the hydrogen content of
the gas at the consumer side to ensure optimization of com-
bustion and smart metering, since the gross heat of combus-
tion of hydrogen (286 kJ mol—1) and methane (889 k] mol—1)
are significantly different (Burgess, 2011).

Therefore, reliable and low-cost hydrogen sensors are nec-
essary for leakage monitoring and smart metering of com-
bustible gas.

There are different known sensor principles that allow for
hydrogen measurement and detection in a matrix of other
gases:

1. The thermal conductivity detector (TCD) or katharom-
eter (Daynes, 1920) detects and distinguishes different
gases based on their thermal conductivity and thermal
capacity. Since hydrogen has a very high thermal con-
ductivity, the principle of TCD is very suitable for its
detection. This principle is treated in more detail in
Sect. 1.3.

2. Gas chromatography in combination with TCD, PDD
(pulsed discharge ionization detector) BID (barrier dis-
charge ionization detector) as well as mass spectrome-
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try are also used to determine hydrogen and other gases
in complex mixtures. However such methods are rather
slow, expensive and more suitable for scientific analy-
sis, rather than safety and consumer purposes.

3. Catalytic sensors or catalytic bead gas sensors measure
the combustion heat generated by the chemical reaction
of the gas with oxygen on a heated catalytic surface in
comparison to a reference surface. Usually catalytic gas
sensors are relatively unspecific and react to all com-
bustible gases. However, depending on the catalyst, they
might have an enhanced sensitivity to the specific gas
concerned (such as hydrogen). A MEMS-catalytic gas
sensor has the advantage of miniaturization (Lee et al.,
2011). The disadvantage of all catalytic sensors (in ad-
dition to their unspecific response) is that they are prone
to catalytic poisoning.

4. Palladium-based sensors react to hydrogen due to the
high solubility of hydrogen in palladium and subsequent
changes to the palladium conductivity, Fermi energy
level or work function (Lewis, 1967). Also hydrogen
sensors that are based on a Schottky contact between
palladium and a semiconductor have been demonstrated
(Hudeish and Abdul Aziz, 2006; Song et al., 2005). The
disadvantage of all sensors based on Palladium is the
fact that this metal is affected by poisoning, for exam-
ple by sulfur or lead-containing compounds.

Modern palladium-based sensor designs suitable for
low-cost hydrogen measurements exhibit dynamic
ranges from 0.025 to 2% and response times above
1.8 min (Hong et al., 2015), which — for the applications
mentioned above — are less suitable than the sensor pre-
sented here.

5. Surface acoustic wave (SAW) sensors are based on
piezoelectric and, in most cases, additional sensitive
materials. In the case of hydrogen detection, the influ-
ence of hydrogen on the elasticity of a thin film of WO3
changes the speed of the surface acoustic waves (Ip-
polito et al., 2003) and can thus be detected. As with all
indirect principles that do not directly react to a physical
property of the detected gas, effects of material ageing
and poisoning can lead to measurement errors and sen-
sor degeneration.

The sensor presented here is based on a thermal conduc-
tivity measurement and a “creative” and new use of a stan-
dard, commercially available thermopile IR sensor. Ther-
mopile sensors are mostly used for infrared radiation mea-
surements. They consist of a sensor element that is sealed in
a housing and quantifies the energy carried by the radiation
to be detected by converting it to heat. In this study, however,
an unsealed thermopile sensor is used. The thermopile sen-
sor element not only measures a temperature difference but
is also heated by an electric alternating current (AC). At the
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Figure 1. TPS 23B Thermopile sensors. These sensors are a mass
product and normally used for IR radiation measurement for exam-
ple in ear thermometers. (a) The image on the upper left (courtesy
of Excelitas Technologies GmbH & Co. KG.) shows the sensor as it
is used for broadband IR detection in applications such as ear ther-
mometers. (b) The image on the upper right shows the interior of the
device comprising the sensor element with its thermoelements, the
(partially transparent) membrane and the IR-absorber patch. A sep-
arate thermistor for ambient temperature compensation is located
on the bottom of the device. The parts (c) and (d) of the figure show
sensors that were manufactured without an IR transparent window.
Through the “open window”, the thermopile sensor element is ex-
posed to the gas environment. In this study they are used as thermal
conductivity gas sensors.

same time it is cooled by the gas environment which the ther-
mopile is exposed to and measures. Due to the high thermal
conductivity of hydrogen, this gas can be detected.

1.2 Thermopile IR-radiation sensors

MEMS thermopile sensors (Fig. 1) consist of a thin thermally
insulating membrane made of silicon oxide and/or silicon ni-
tride. The membrane is surrounded by a silicon rim/periphery
with high thermal conductivity. A large number of thermo-
couples, forming a thermopile, are placed on the thermally
insulating membrane and the silicon periphery in such a
way that a temperature difference between membrane and
periphery results in a thermoelectric voltage that is multi-
plied by the number of elements. In the case of the sensor
presented, those thermocouples are made of n-doped and p-
doped polysilicon.

Thermopile sensors are usually applied in infrared (IR) ra-
diation measurements. In such applications, the IR radiation
to be measured heats the so-called “hot contacts” located on
the thermally insulting membrane, while the “cold contacts”
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are on the cold heat-conducting silicon periphery and are not
warmed significantly by the incoming IR radiation. Since its
thermal behaviour depends on the thermal conductivity of
the ambient gas, the IR-thermopile sensor element is usually
packaged hermetically with an inert gas filling. IR radiation
can enter the packaging through an IR transparent window.
In some cases, the packaging is filled with a gas with low
thermal conductivity gas. This leads to better isolation of the
heated membrane and thus to a higher sensitivity of the de-
vice (Graf et al., 2007; Liess, 2012).

Thermopile IR sensors are classically used for contactless
temperature measurements through the IR radiation emit-
ted by the object to be measured. They are also used in
non-dispersive infrared (NDIR) gas sensors to detect gases
through their specific IR absorption lines (Graf et al., 2007).
The method presented in this paper is not related to the well-
known method of NDIR or any kind of IR detection.

Thermopile sensors are very sensitive to electric currents
driven into their output terminals since this leads to resistive
heating of the thermocouple structure and thus of the mem-
brane of the sensor element. The resulting thermal gradient
generates an error signal. This can be of relevance since,
for example, a chopper amplifier (Wu et al., 2013) can ca-
pacitively couple alternating currents unintentionally into the
sensor. This AC error itself is filtered by the low-pass proper-
ties of the amplifier and signal conditioning electronics and
is therefore of no relevance. However it leads to an ohmic
heating effect within the thermopile, which in turn generates
a DC error that has the same properties as the measured IR
signal and cannot be filtered.

Thermopile IR sensors are thus cross-sensitive to input av-
erage currents and to a leakage of the filling gas. Exactly
these properties are used in this study to build a gas sensor.

1.3 Stability of the presented sensor

The modified CMOS production process of thermopile sen-
sors involves high temperatures and harsh processes such as
potassium hydroxide etching and photoresist removal. Thus
the sensor element can be expected to be very stable against
thermal and chemical damage caused by environmental in-
fluences.

In automotive applications (Liess et al., 2004), including
racing sports, the sensor design has demonstrated a quasi-
unlimited lifetime over the years and high mechanical robust-
ness as an IR-radiation sensor.

The physical measurement principle is based on heat con-
duction and does not involve the chemical interaction of the
measured environment with any part of the sensor. The sen-
sor surface is passivated by a layer of silicon nitride so that
the sensing elements are not exposed to any materials that
could give rise to poisoning or a change to the doping of the
polysilicon. Furthermore, the films are heavily doped with
doses of 5 x 101°-15 x 10'® atomscm—2 and dopant diffu-
sion is expected to be low at operation temperatures, which

WWW.j-sens-sens-syst.net/4/281/2015/

283

Table 1. Examples of the thermal conductivity of different gases.
Data from Young and Sears (1992).

Gas Thermal conductivity at 20°C
[W(m-K)™]

Nitrogen 0.0234

Oxygen 0.0238

Hydrogen 0.172
Air (at0°C) 0.024
Helium 0.138

are significantly below the diffusion temperature of around
1000 °C. Therefore, sensitivity changes or any kind of poi-
soning of the sensitive parts of the device cannot be expected
due to the chemical effects of the measured environment.

1.4 Thermal conductivity gas sensors

Commercially available TCDs are based on four identical
platinum resistors that are arranged in a bridge configuration
and are electrically heated. The voltage drop on each plat-
inum resistor indicates its resistance and is thus a measure of
its temperature. Since two resistors are exposed to the gas to
be measured and the two other resistors are exposed to a ref-
erence gas, differences in the heat conductivity between the
measured gas and reference gas lead to a bridge voltage. As
can be seen in Table 1, hydrogen has a 7 times higher thermal
conductivity than air. Hydrogen’s high thermal conductivity
is paralleled only by helium, which is not present in the typ-
ical environment where hydrogen needs to be detected.

De Graaf and Wolffenbuttel (2012) developed a micro-
machined thermal conductivity gas sensor, based on a ther-
mopile for temperature measurement and a dedicated heater
for heating the hot contacts of the thermopile. The sensor has,
in addition, a dedicated sample chamber, made by a surface
micromachining processes. To obtain a stable signal, heat
modulation and a lock-in technique is used.

1.5 Operating principle of the sensor presented here

The sensor used in this work (Fig. 1) is a commercially avail-
able thermopile IR sensor that is available for applications
such as ear thermometers on the mass market. The sensor
itself has two output contacts. Usually they output a DC volt-
age that is proportional to the IR radiation, which the sensor
element receives. However, in this application, the same two
pins are used to input an AC heating voltage into the device
and to output, at the same time, the DC signal voltage, which
measures the hydrogen concentration. Also the thermopile
structure itself is now used for two purposes: its resistive
properties are used for heating (by an AC voltage) and its
thermoelectric properties are used for measuring a temper-
ature difference (by a DC voltage). In order to enable this
mode of operation the sensor is connected through a high-
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pass circuit to the AC heating supply and gives out its DC
signal through a low-pass circuit. The gas to be measured is
simply supplied to the surface of the sensor and contained by
the standard sensor housing (Fig. 2).

2 Experimental section

2.1 A MEMS thermopile used as a thermal gas sensor

A thermopile sensor can be used as a hydrogen sensor be-
cause of

— the high thermal conductivity of hydrogen,

— the cross-sensitivity of thermopile sensors toward their
gas environment,

— the error sensitivity toward AC input currents into the
sensor’s output terminals.

For gas sensor operation, commercially available ther-
mopile IR-sensor devices have been used that are manufac-
tured without an IR window (Fig. 1) so that the sensor el-
ement can be directly exposed to the gas environment. The
membrane of the sensor element is heated by an AC that is
applied to the input terminals of the thermopile sensor (Liess,
2014). The thermopile’s DC output voltage is then measured.

2.2 Electrical setup

An Agilent Technologies Function/Arbitrary-Waveform gen-
erator 80 MHz 33250A frequency generator was used to sup-
ply the AC driving voltage to the sensor. Using a capacitor,
the frequency generator is decoupled from DC voltages gen-
erated in the circuit. The AC voltage is applied to a ther-
mopile sensor. The DC voltage generated by the thermopile
is filtered by a low-pass filter comprising a resistor and a ca-
pacitor and measured by a Fluke 77 IV digital multimeter.
The electrical setup is shown in Fig. 2. Measurement curves
over extended periods of time were recorded using the capa-
bilities of a modified gas analyser manufactured by Emerson
Process Management GmbH & Co. OHG.

2.3 Driving a thermopile with AC voltage

The heat Pneat generated inside the sensor element by an AC
voltage Uac applied to the output terminals of the thermopile
sensor follows the equation

RSEI’]SOT

Preat =

One can assume that the thermal contact between the pe-
riphery and the ambient is so good that the temperatures
of the periphery and the ambient environment are identical.
They are equal to Tamp. Since a fraction A of the heat Pheat
is generated on the membrane, its temperature Tyem depends
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Figure 2. Electrical circuit for driving the thermopile as gas sensor.
Inner resistance of the sensor is 120 k<2.

on the thermal contact between the membrane and the pe-
riphery Amem and the gas Agas as

A - Preat

————— + Tamb. )
Amem + Agas am

Tmem =

Here, the thermal contact A is defined as (thermal conduc-
tivity) - (contact area)/(length of the contact). The generated
thermopile voltage U is proportional to the temperature dif-
ference AT between the membrane and the periphery

A - Pheat
Upc X AT = (Tmem — Tper) ¥ ———. 3
DC ( mem per) Amem + )\gas ( )
Thus,
U2
Ubc x AC 4

Amem + Agas .

2.4 Mechanical setup

Two thermopile sensors (Excelitas Technologies, Wies-
baden, Germany) type TPS 23B without an IR window
(Fig. 1) were connected to the electrical setup. They were ex-
posed to nitrogen, hydrogen, or any mixture of these gases at
different temperatures using a climate chamber. The gas mix-
tures were produced by a DIGAMIX KM301 Wosthoff gas
mixing pump and measured with a variable area flow meter.
Different flow rates of nitrogen were generated using a nee-
dle valve and a variable area flow meter. Figure 3 shows the
mechanical setup. The sensors are exposed to the gas flow
using T-junctions and are sealed with O-rings. By mounting
the sensor in the slipstream (Fig. 3) about 1cm off of the
main stream, the sensor is exposed to the gas but not to its
direct flow; 6 mm diameter Swagelok stainless steel tubing
and materials were used.

3 Results and discussion

3.1 Response of the thermopile sensor to an AC voltage

In the first experiments, the functionality of the electronic
setup was verified. Figure 4 demonstrates that the idea of ap-
plying an AC voltage to the sensor through a high-pass filter,
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Figure 3. Drawing of the gas tubing with the thermopiles. The sen-
sors are fitted in T-junctions within stainless steel tubing inside a
climate chamber.
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Figure 4. Frequency dependence of the sensor signal in the ambient
environment. The lines represent the behaviour of first-order high-
pass filters with cut-off frequencies of 1.9 and 2.4 Hz.

constituted by a capacitor and the sensor’s inner resistance,
and measuring the output DC voltage through a low-pass fil-
ter works well. It can be seen that the AC input to the ther-
mopile sensor generates a DC output.

Figure 5 shows a simple quadratic dependence between
input AC and output DC voltage with practically no zeroth-
and first-order terms, indicating that the input AC voltage
is converted to ohmic heat, which is — within a reasonable
approximation — the only source of a temperature gradient
that leads to the signal from the thermopile sensor. A sig-
nificant first-order term would have indicated a prominent
Peltier effect. This was not observed, which is in agreement
with the fact that, firstly, the quadratic effect of ohmic heating
dominates over Peltier heat transport at high driving voltages
and, secondly, AC voltage was used for driving the sensor. A
significant zeroth-order term (offset) would have indicated a
strong external heat source or a high temperature difference
between the gas and the sensor. This was not observed since
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Figure 5. AC supply voltage dependence of the sensor signal in a
room environment. The lines represent polynomial fits of the third
order with no constraints. It can be seen that, within the range of
supply voltages, the quadratic term is 370-500 times greater than
any other term, indicating that the measured signal represents a DC
thermovoltage generated by ohmic heating of alternating currents
through the thermopile. The power applied to the sensor calculates
as P = U2/R. Since R = 120 k<2, the maximum power is 0.83 mW.

Sensor 1 output voltage / mV vs. time
30 -

0%

DC-voltage / mv

time / min

Figure 6. Measurements of the sensor 1 signal with different Ho
concentrations. The measurements were performed at 5°C in a
climate-controlled room. If not indicated differently, all measure-
ments were performed at flow rates of 0.5 L min—1,

the sensor was operated in equilibrium with the measured
gas.

3.2 Response of the DC sensor output voltage to the Ho
concentration

To test the effect of the gas environment, the sensors were
exposed to mixtures of hydrogen in nitrogen in steps of 10 or
0.5% of a few minutes in duration, while the sensor’s output
voltage was measured (Figs. 6 and 7). It can be seen that,
despite the simple measurement setup, the signal can easily
be distinguished from the noise.

Due to the transfer of inertia and energy between the
different atoms, the heat conductivity of mixtures between
hydrogen and nitrogen is not a simple linear function of
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Sensor 1 output voltage / mV vs. time

0%

0.5% lower explosion
limit for hydrogen
in air

time / min

Figure 7. Measurements of the sensor 1 signal with different low
Ho concentrations. The measurements were performed at 5°C in a
climate-controlled room. The lower detection limit of 4 % hydrogen
can easily be distinguished by a sensor output voltage drop of 4.8 %
as compared to the output voltage in the air.

Figure 8. Comparison of the measured data with sensor 1 to a
model based on Eq. (1) and literature heat conductivity values
of mixtures between hydrogen and nitrogen (Mason and Saxena,
1958).

their concentration. Experimental heat conductivity data of
mixtures between hydrogen and nitrogen at 0°C (Mason
and Saxena, 1958) were used in Eq. (1) together with the
heat conductivity of the membrane that was fitted using the
Levenberg—Marquardt algorithm to match the sensor signal
(Fig. 8). A good agreement was obtained. The heat con-
ductivity of a hydrogen environment can be calculated as
4.38 times higher than the heat conductivity of the mem-
brane, while the heat conductivity of a nitrogen environment
is lower than the heat conductivity of the membrane by a fac-
tor of 0.61.

3.3 Basic sensor specifications

The sensitivity (Fig. 9), the dynamic response (r = 2.5s) and
the measurement’s rms noise level (3.7 pV) were calculated
from the data of the output voltage versus changing H» con-
centration (Fig. 6). It can be seen that the dynamic response
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Figure 9. Sensitivity at different hydrogen concentrations.
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Figure 10. Temperature dependence of the sensor output voltage at
different hydrogen concentrations.

is significantly smaller than the thermal response (15 ms) of
the device as indicated by the sensor’s manufacturer. This in-
dicates that the dynamic response is limited by the diffusion
of the gas to the sensor that is mounted in the slipstream of
the dead end of the T-junction (Fig. 3) and not by the sensor
properties themselves.

The noise level of the sensor can be calculated from the
thermal or Johnson noise due to its inner resistance (120 k2).
It can be seen that the noise level of the measurement is
not due to the sensor itself but due to the driving and sig-
nal recording electronic circuitry. The basic specifications of
the sensor and the measurement are compiled in Table 2.

3.4 Temperature and flow rate cross-sensitivity
measurements

Even though the relative temperature dependence of the heat
conductivity of hydrogen and air (Davies, 2006) remains
similar in the relevant temperature range, the temperature de-
pendence of the sensor reading increases with larger hydro-
gen concentrations (Fig. 10). This can be attributed to the
fact that, with rising hydrogen concentration and thus rising
thermal conductivity of the gas environment, its temperature-
dependent contribution rises. In contrast, the thermal conduc-
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Table 2. Compilation of basic sensor and measurement specifications.
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Comment

Value/unit
Sensitivity —27t0 —10mV %1
Intrinsic thermal time constant 15ms
Time constant limited by gas diffusion 2.5s
Sensor chip inner resistance 120 k2
Rms noise level of the measurement 3.7uV
Rms noise level of the sensor during 0.06 pVv

3 min of measurement with
measurement rate of 1.75 Hz
Noise equivalent concentration
of the measurement
Cross-sensitivity towards

the flow velocity
Cross-sensitivity towards

the temperature

1.4-3.7 ppm (H»)

max. 15 ppm
(H2)/(ms™)

—9to —30ppm (Hy) K1

At concentrations of 0-100 %

hydrogen (compare Fig. 9)

From manufacturer’s data sheet

As observed in the measurements shown in Fig. 6
From manufacturer’s data sheet

Calculated during the first 3 min of the measurement
shown in Fig. 6

Calculated from the thermal or Johnson noise at 20°C
for a 120 k2 sensor

Calculated from measured rms noise and the measured
sensitivity at 0-100 % hydrogen concentration

Calculated from the data of Fig. 11 and the device’s
minimum sensitivity at 100 % %H, concentration (Fig. 9)
Calculated from the data of Fig. 10 and the sensitivity
shown in Fig. 9 for 0-100 % %H,

Signal stability under varying flow rates

100.00%
99.98%
99.96% -
99.94%
99.92% -
99.90%
99.88%
99.86%
99.84%
99.82% T T T |

0 0.5 1 1.5 2

flow rate / (I/min)

]
Xsensor 1

00 O00O0O0 Osensor 2

X X X x x x 00

xx KRKXRROO

Relative output signal / %
\

X

X

Figure 11. Flow rate dependence of the sensor output voltage for
flow velocities up to 1 ms—1. At the flow rate of 1 L min—1 the flow
velocity is 0.59ms™1.

tivity of the sensor membrane is constant with temperature
and dominates the behaviour of the sensor at low hydrogen
concentrations. As with other hydrogen sensors, such as clas-
sical TCDs, the temperature of the sensor must be stabilized
to allow for precise measurements, or the effect of the ambi-
ent temperature must be compensated after the measurement.
Since a thermistor temperature probe is part of most ther-
mopile sensor devices, temperature measurement and com-
pensation is possible without any additional effort.

Within the commercial temperature range from 0 to 85 °C,
the maximum measurement error caused by temperature ef-
fects can be calculated. It is smaller than 0.26 % (Hz) within
the full measurement range, 0.08 % (H») for hydrogen con-
centrations of below 5% and smaller than 0.1 % (H>) for hy-
drogen concentrations of less than 20 % (Fig. 10). Therefore,
for hydrogen safety and smart metering, no temperature com-
pensation of the sensor signal is necessary.
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Since for hydrogen concentrations up to 20 % the maxi-
mum measurement error caused by gas flow velocities of up
to 1ms~! is smaller than 7.3ppm (H) (Fig. 11), no flow
rate compensation must be applied for use of these sensors
in hydrogen safety and smart metering.

4 Conclusions and outlook

It was demonstrated that a thermopile sensor with suitable
simple driving circuitry, which is exposed to a mixture of
hydrogen and a heavier gas (for example nitrogen or air), can
be used as a low-cost thermal hydrogen gas sensor. It behaves
according to the theoretical expectations.

The sensor is suitable for applications such as hydrogen
technology safety and smart gas metering without compensa-
tion of ambient temperature and gas flow velocity. If mounted
in the slipstream of an approximately 1cm long dead-end
tube, the sensor exhibits basically no cross-sensitivity toward
the flow rate and reacts sufficiently fast (2.55s).

The idea of using a thermopile as a heater and tempera-
ture difference sensor at the same time can also be applied
in other sensor principles. This allows for simplification of
the design or even for use of the same MEMS sensor ele-
ment for different purposes (like IR sensing, gas sensing or
flow sensing) depending on the driving circuitry, housing and
exposure to the measured magnitudes.

It was also demonstrated how sensor shortcomings (of a
MEMS thermopile IR-radiation sensor) can be used to cre-
ate a new sensor for a different purpose (when the sensor is
used as a gas sensor). Thus also here Edward W Ng’s famous
quote “One man’s noise is another man’s signal” (Blackslee,
1990) applies well.
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