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Abstract — The increasing requirements for monitoring of 

gas composition e.g. in fuel gas control have led to a strong 

demand for cost-effective gas sensing solutions. This work 

presents the modelling and characterization of a miniaturized 

thermal gas sensor. In the proposed measurement technique, a 

polysilicon heater placed on a thin membrane is excited with a 

periodic heating voltage and the resulting temperature response 

is evaluated in the frequency domain using thermopiles and a 

lock-in amplifier. The thermo-physical properties of the 

surrounding gas alters the heat loss of the heating element to the 

environment leading to a gas-specific thermal characteristic. A 

thermal lumped element model interprets amplitude and phase 

of the thermopile signal yielding the estimation of thermal 

conductivity and volumetric heat capacity. The simultaneous 

and selective measurement of these two independent thermal 

properties offers the possibility to improve the performance of 

existing thermal gas sensors. We were able to distinguish gases 

over a wide range of properties with high reproducibility based 

on our thermal model.  
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I. INTRODUCTION 

Measurements of gas concentrations are becoming 
increasingly important in medical, industrial and 
environmental applications requiring reliable sensors with 
high sensitivity, selectivity and specificity. [1-4]. In recent 
decades, significant improvements in manufacturing 
technologies have led to microsystems with high gas sensing 
performances. Currently, metal-oxide sensors [5-7] and novel 
organic-based chemo-resistive sensors [8, 9], which rely on 
chemical interactions between the gas and a chemically active 
target material, dominate the market and nowadays research 
activities because of their potential in resolving the lowest gas 
concentrations (<10 ppm) [10, 11]. However, high power 
consumption due to high operating temperatures of metal-
oxide sensors, slow response times, various cross-sensitivities 
as well as a limited measuring range and long-term stability 
restrict the areas of application [5, 9]. Optical sensors based 
on the absorption of light do have a wide measuring range and 
offer resolutions well below 100 ppm, but are difficult to 
miniaturized, quite expensive and suffer from a high power 
consumption [12-15]. 

However, some applications (e.g., hydrogen safety 
warning in automotive applications and fuel gas metering) 
require miniaturized low-power sensor systems with fast 
response times, low manufacturing costs, high reliability and 
long-term stability and do have minor demands to sensitivity. 
Here, electro-thermal gas sensors, which measure the thermal 
interaction between a heated element and its surrounding gas 
medium, are very attractive. Unfortunately, thermal gas 
detection methods are intrinsically non-selective, since only 
the physical properties of the surrounding can be detected and 
require additional cross-sensitivity compensation for ambient 
parameters [16, 17]. Currently, miniaturized thermal 
conductivity sensors are employed for the detection of 
hydrogen in safety applications, since the thermal 
conductivity differs significantly from air [18, 19]. However, 
it is possible to distinguish gases based on other thermal 
parameters (Tab. 1). In order to determine these fluid 
properties, transient methods with pulses [20], or periodic 
excitation signals [16, 21, 22] are used. In [16], a sensor with 
freestanding micro wires is presented, which is able to 
measure the thermal diffusivity of the surrounding gas in order 
to better distinguish N2 and CO2. Nevertheless, to optimize the 
sensing performance, it is advisable to determine more than an 
individual gas property with a single structure. For this 
purpose, studies of the thermal device characteristic in the 
frequency domain have been carried out recently. By 
matching the frequency-dependent thermal response of a 
simple, single suspended wire with an analytical model, the 
thermal conductivity and thermal diffusivity of the 
surrounding gas can be determined [23, 24]. In [22], an 
analytical model for the measurement of thermal conductivity 
and diffusivity of liquids is reported, where spatially spaced 
resistive sensors on a membrane monitor the temperature of 
the heater. Here, Kuntner et al. assume that the influence of 
the membrane is negligible, since the dynamic thermal 
behavior of the fluid dominates. This simplification may be 
appropriate for liquids, but since most gases have significantly 
lower thermal conductivities and higher thermal diffusivities 
than liquids, the effect of the sensor’s material properties 
cannot be ignored.  



TABLE I.   THERMO-PHYSICAL GAS PROPERTIES AT T= 293 K AND  
P= 1 BAR. [25] 

Gas 

Thermal  
Conductivity k 

(mW m-1 K-1) 

Volumetric Heat 
Capacity cv 

(kJ m-3 K-1) 

Thermal Diffusivity 
a 

(cm2 s-1) 

CO2 16.2 1.536 0.106 

Ar 17.5 0.855 0.205 

N2 25.5 1.197 0.213 

He 153.5 0.852 1.801 

H2 183.4 1.181 1.553 

 

This paper evaluates the impact of varying gas parameters 
on the thermal response of a membrane-based micro machined 
sensor and analyzes thermal characteristic of the sensing 
structure with a lumped element model. In the past, lumped 
models of thermal systems were used to theoretically describe 
the sensing performance [17, 26] and to statically determine 
the thermal resistance of different materials [27]. However, 
the effects of the gas surrounding the heating elements were 
often disregarded [28] or insufficiently considered [29]. In this 
work, we study the influence of varying gas properties on the 
equivalent parameters of a thermal lumped model. For this 
purpose, a MEMS-device consisting of a polysilicon heater on 
a silicon nitride membrane is used. The heater is excited with 
a periodic voltage signal and the resulting gas-specific 
temperature amplitudes and phase shifts are monitored with 
thermopiles consisting of polysilicon and aluminum. For the 
estimation of thermal conductivity and volumetric heat 
capacity, this paper applies a model fit on the thermal response 
of the microstructure. These thermo-physical gas properties 
have the advantage of varying sensitivity to temperature and 
pressure offering an opportunity to minimize undesired cross-
sensitivities for ambient parameters as well as an 
improvement of measurement accuracy and gas specificity. In 
addition, by measuring the independent gas properties, 
improved sensitivity and selectivity can be achieved, and thus 
gas-sensing performance may be fundamentally enhanced.  

II. FABRICATION 

MEMS technologies are ideally suited for the fabrication 
of thermal sensor in order to achieve high sensitivities and low 
response times, since selective etching processes create thin, 
thermally insulated areas that form the active structure of the 
device [22, 30]. The presented sensor is based on the 
manufacturing technology of our thermal flow sensor [31] 
with minor improvements and was realized in the in-house 
clean room. The process flow is shown in figure 1 and starts 
with the deposition of an oxide layer, followed by an LPCVD 
silicon nitride layer. Polysilicon and aluminum are then 
deposited and structured. Afterwards, these structures are 
passivated with a PECVD silicon nitride layer. In the next 
step, the heater is perforated and then the membrane is 
exposed from the backside with a dry etch process to obtain a 
high thermal insulation. The perforation of the heater allows 
gas exchange between the front side and the cavity. This 
prevents the formation of pressure differences, which 
positively affects the device’s mechanical stability. The hot 
junctions of the Al-polysilicon thermopiles are placed near the 
heater, while the cold junctions are located outside the cavity 
(Fig. 2). Compared to the commonly applied measurements of 
temperature-dependent electrical resistances [16, 20-24], the 
temperature detection with thermopiles allows higher 

sensitivity and a self-generated signal proportional to the 
respective excess temperature without the need of biasing. The 
arrangement of the thermopiles also makes the device less 
sensitive to changes in ambient conditions, since only the 
temperature difference between the heated element and the 
cold bulk silicon is monitored.  

III. THERMAL MODEL 

For the measurement of the thermo-physical gas 
properties, a periodic voltage U with an amplitude ûheater and 
a frequency f is applied. 

 𝑈(𝑡) = 𝑢̂ℎ𝑒𝑎𝑡𝑒𝑟 ∙ cos(2 ∙ 𝜋 ∙ 𝑓 ∙ 𝑡) (1) 

The applied voltage generates a power dissipation P due 
to the electrical resistance R0 within the suspended heating 
element. This power signal has the form  
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Fig. 2. Fabricated thermal gas sensor featuring the perforated heater 

and the thermopiles for direct monitoring of the gas-specific heat loss. 

 

Fig. 1. Overview of the fabrication process steps: (a) Deposition of 
oxide an LPCVD Si3N4, (b) Deposition and patterning of polysilicon 

and aluminum, (c) Deposition of PECVD Silicon Nitride and 

(d) Patterning and backside DRIE. 

 



and can be separated into a constant time-independent 
component and an oscillating part. Because of the electrical 
power dissipation the polysilicon strip heats up. The resulting 
temperature response is influenced by the heat loss through 
the gas and the solid materials of the MEMS device. Since the 
derivation of an exact analytical solution of the heat transfer 
phenomena in a complex three-dimensional device is 
extremely time consuming and difficult, we use a lumped 
system analysis to describe the influence of the thermal gas 
properties (Fig. 3). In this modeling technique, it is necessary 
to decompose the device into suitable sub-structures and to 
define lumped elements. This is done with equivalent 
resistances and capacitances, which describe the dominant 
process of heat conduction [21, 22, 29].  

Our modeling approach ignores spatial temperature 
variations within the heater and assumes that the resulting 
temperature increase can be directly monitored with the 
thermopiles due to their small distance to the heating element. 
We also disregard the temperature coefficient of resistance of 
the polysilicon heater so that the applied power is constant. 
According to our equivalent circuit (Fig. 3), a low-pass 
behavior of the sensor is to be expected with the lumped 
parameters thermal resistance Rth and thermal capacitance Cth 
depending on the respective characteristic lengths L, cross-
sectional areas A and volumes V as well as on the thermal 
conductivity k and volumetric heat capacity cv.  

 𝑅𝑡ℎ,𝑖 =
𝐿𝑖

𝑘𝑖 ∙ 𝐴𝑖

 (3) 

 𝐶𝑡ℎ,𝑖 = 𝑐𝑣𝑖 ∙ 𝑉𝑖 (4) 

The steady-state temperature ΔTDC is exclusively 
influenced by the parasitic thermal resistance Rth,parasitic (e.g. 
passivation layer, thermopiles, heater) and the thermal gas 
resistance Rth,gas. This excess temperature is superimposed by 
an temperature amplitude ΔTAC at twice the excitation 
frequency which is additionally effected by the respective 
thermal masses Cth,parasitic and Cth,gas. In this case, the 
temperature amplitude is described by equation 5. 

 
∆𝑇𝐴𝐶  =

𝑃

√(
1

𝑅𝑡ℎ
)

2

+ (2 ∙ 𝜋 ∙ 𝑓 ∙ 𝐶𝑡ℎ)2

 

(5) 

The temperature signal ΔTAC also exhibits a time delay 
with respect to the electrical excitation signal. This phase 
shift ϴ is given by:  

 𝜃 = − arctan(2 ∙ 𝜋 ∙ 𝑓 ∙ 𝑅𝑡ℎ ∙ 𝐶𝑡ℎ) (6) 

Basically the thermopile amplitudes UTp,DC and UTp,AC or 
the phase shift ϴ of the UTp,AC signal can be used in order to 
deduce the two gas properties. In this work, we solely evaluate 
the amplitude and phase of the UTp,AC signal. For a precise 
determination of the gas properties by evaluating the excess 
temperatures of the heater, it is necessary to know the applied 
power and the sensitivity of the thermopiles precisely. 
However, the evaluation of the amplitude has the advantage 
that it can be divided into a frequency-dependent and 
frequency-independent part (Eq. 5). This separation enables 
an individual determination of the thermal conductivity and 
volumetric heat capacity when performing a frequency scan. 
The measurement of the phase shift (Eq. 6), on the other hand, 
is expected to be insensitive to amplifier gain factors, offset 
errors and the input power. 

IV. MEASUREMENT SETUP 

The silicon chip is glued onto a printed circuit board (PCB) 
and electrically contacted by wire bonds. This PCB is 
mounted in the test fixture, with O-rings sealing the gas 
compartment. The PCB is connected to the MFIA Impedance 
Analyzer from Zurich Instruments, which also has the full 
functionality of a lock-in amplifier. This makes it possible to 
efficiently filter noise and AC voltages of undesired 
frequencies. The analog voltage output of the MFIA is used to 
drive the heater voltage with varying frequencies. The 
response of the thermopiles is evaluated at twice the excitation 
frequency and applied to the input of the lock-in amplifier. For 
the measurement, different gases at room temperature are 
guided into the measuring chamber with mass flow 
controllers. Before the frequency scan is performed, the 
chamber is sufficiently flushed with the gas to be analyzed. In 
this way, we ensure that a complete gas exchange has taken 
place within the measurement chamber. Afterwards the 
pressure in the measuring cell is adjusted with a pressure 
regulator (Fig. 4). For the measurement, the gas supply to the 
measuring chamber is closed and a frequency scan is 
performed in the range of 5-200 Hz. Thereby 60 evenly 
distributed measuring points of the amplitude UTp,AC and the 
phase shift ϴ of the thermopile signal are recorded on a 
logarithmic scale. The measurement time for the scan is about 
30 seconds.  

  

 

Fig. 3. Simplified thermal lumped model consisting of the parasitic and 
gas-independent equivalent parameters (Rth,parasitic and Cth,parasitic) as well 

as the gas-dependent equivalent parameters (Rth,gas and Cth,gas). This 

approach allows the analysis of different gas properties on the excess 

temperature ∆T of the heater with an electrical resistance R0.  

 

 

Fig. 4. Schematic overwiew of the meausrement setup: The output 

voltage is provided by the lock-in amplifier and directly used to excite 
the heating element. The different gases are provided by MFCs to the 

measurement chamber. A downstream pressure controller is used to 

adjust the pressure inside the chamber. The resulting thermopile signal 

is read out and analyzed by the lock-in amplifier.  



V. EXPERIMENTAL RESULTS  

In this section, experimental results of different pure gases 
with dissimilar thermal gas properties are presented. For this 
purpose, the gases from Table 1 are used, whose thermal 
conductivity differs from 16.2 to 183.4 mW m-1 K-1. At the 
same time, different volumetric heat capacities are realized by 
pressure changes, covering a range between 0.42 and 
3.11 kJ m-3 K-1. With the different thermo-physical gas 
properties, the performance of the proposed lumped element 
model can be evaluated over a wide range. We are aware that 
the gas properties are temperature-dependent [25]. However, 
we assume that the temperature increase in the chamber is 
rather small and therefore use for the following analysis gas 
properties at room temperature for the sake of simplicity. 
Unless stated otherwise, we always use an excitation voltage 
with an amplitude of 4 Vpk. 

A. Thermopile Signals in the Frequency Domain 

Figure 5 plots the amplitude of the thermopiles for 

different gases as a function of frequency. These response 

curves reveal the characteristic behavior of a low-pass filter. 

By evaluating such signals, the influence of the gas properties 

on the thermal equivalent parameters can be studied by a 

least-square fitting with our lumped model (Eq. 5+6). 

B. Thermal Impedance 

Figures 6 and 7 show the lumped parameters, Rth and Cth 
as a function of the relevant gas properties. The thermal 
resistance depends exclusively on the thermal conductivity of 
the gas. Pressure changes leading to a change in the volumetric 
heat capacity reveal no change in the fitted thermal resistance. 
The lower the thermal conductivity of the gas in the 
measurement chamber, the higher the obtained thermal 
resistance. In this range the sensor shows the highest 
sensitivity to changes in thermal conductivity. The correlation 
between the individual measured values can be fitted with a 
parallel circuit consisting of two resistors. Here, a gas-
dependent thermal resistance with thermal conductivity k 
(mW m-1 K-1) is combined with a gas-independent parasitic 
thermal resistance (Eq. 7). For the parasitic resistance of our 
device and layer composition, we calculate a resistance of 
4500 K/W using the material parameters from [32]. This value 
is only 20% larger than the experimentally determined value. 
The thermal resistance of air Rth,air, according to our approach, 

gives a value of 1.04‧104 K W-1, which is the same order of 
magnitude as in [30] indicating that our results may be 
plausible.  

 
𝑅𝑡ℎ = 𝑅𝑡ℎ,𝑝𝑎𝑟𝑎𝑠𝑖𝑡𝑖𝑐||𝑅𝑡ℎ,𝑔𝑎𝑠(𝑘) = (

1

3775
+

𝑘

2.7 ∙ 105
)

−1

 (7) 

Comparing the two thermal resistances and considering an 
almost static excitation of the heater (f 0), it appears that for 
gases with low thermal conductivity (e.g., Ar, CO2, N2) the 
parasitic heat transport is the dominant mechanism. 
Consequently, only for gases with a thermal conductivity 
higher than 72 mW m-1 K-1 most of the generated heat flows 
into the gas. 

The resulting thermal capacitance of the system, on the 
other hand, is proportional to the volumetric heat capacity of 
the gas. Changes in the volumetric heat capacity were realized 
by pressure changes. A linear dependency of the thermal 
capacitance with the volumetric heat capacity cv (kJ m-3 K-1) 
of the gas is visible, which can be described by equation 8. At 
atmospheric pressure conditions, the solid material’s heat 
capacity is clearly dominant. Therefore, for a first estimation 
of the dynamic behavior of the thermal device, it is legitimate 

 

Fig. 6. Thermal resistance Rth as a function of the thermal conductivity 

of the surrounding gas. The influence of the gas thermal conductivity 
can be modeled with a parallel arrangement of a constant parasitic 

resistance Rth,parasitic and a gas-dependent resistance Rth,gas (Eq. 7) 

resulting in a coefficient of determination of 0.99998. 

 

Fig. 5. Single-sided thermopile signal UTP for different gases is 
showing a low-pass behavior. In order to determine the equivalent 

parameter, we performed a least square fitting of the thermopile 

amplitude and assume a Seebeck coefficient of 90 µV/K for Al-

polysilicon. 

 

Fig: 7. Thermal capacitance Cth as a function of the volumetric heat 

capacity of the surrounding gas. The influence of the thermal 
conductivity of the gas on the thermal resistance can be modeled with 

a parallel connection of a constant parasitic capacity Cth,parasitic and a 

gas-dependent capacity Cth,gas (Eq. 8) resulting in a coefficient of 

determination of 0.98937. 



to neglect the gas influence. This has been done in the past 
with similar membrane-based sensing structures [17, 30, 33]. 

 𝐶𝑡ℎ = 𝐶𝑡ℎ,𝑝𝑎𝑟𝑎𝑠𝑖𝑡𝑖𝑐 + 𝐶𝑡ℎ,𝑔𝑎𝑠(𝑐𝑣)

= 1.19 ∙ 10−6 + 4.43 ∙ 10−8 ∙ 𝑐𝑣 
(8) 

Nevertheless, we are able to discriminate gases with 
different volumetric heat capacities. Although gases such as 
H2 and N2 differ significantly in thermal conductivity, the 
volumetric heat capacity is similar. Ar and CO2, on the other 
hand, whose thermal conductivities differ only slightly, can be 
clearly distinguished by identifying the volumetric heat 
capacity. 

C. Phase Shift 

According to equation 6, the product of Rth and Cth 
influences the phase shift. Therefore, it is not possible to 
determine the two thermal equivalent parameters 
independently. Figure 8 presents the phase shift for various 
gases with different thermal conductivities evaluated at an 
excitation frequency of 20 Hz in the pressure range from 500 
to 2000 mbar. For comparison, the phase shift (Eq. 6) is 
plotted with the calculated thermal parameters Rth and Cth 
from equations 7 and 8. Here, we do not consider the influence 
of the heat capacity of the gas and assume that Cth is 
determined only by the parasitic capacitance. In figure 8, the 
error bar is largest for CO2 because of its highest volumetric 
heat capacity. The dependence is also illustrated in figure 9 in 
which the relative phase change is plotted for gases with 
relatively similar thermal conductivity as a function of 
pressure. As expected, Ar shows the smallest change here, 
since the volumetric heat capacity is the lowest.  

In general, phase analysis is most suitable for gases that 
have similar volumetric heat capacities (e.g. Ar and He or N2 
and H2) and for applications that are subject to only small 
pressure variations. In cases with large pressure changes, on 
the other hand, the influence of the volumetric heat capacity 
on the heat capacity of the sensor system cannot be neglected 
to accurately distinguish gases based on their thermal 
conductivity. 

D. Signal Sensitivity to Variations in Power Dissipation  

Our model (section III) assumes that the phase shift is 
independent of the applied power, while a measurement of the 
gas properties based on the amplitude signal requires precise 

knowledge of the dissipated power. Figure 10 displays the 
relative change in amplitude and phase shift as a function of 
the excitation voltage. For this purpose, measurements of N2 
at an excitation frequency of 20 Hz are evaluated. By changing 
the driving voltage within ±7.5 %, the power dissipation 
changes by ±15 %. The change in amplitude is proportional to 
the power variation, while the phase signal varies by less than 
±0.2 %. These small variations may be caused by the 
temperature dependence of the thermal conductivity. As a 
result, the demands on the electronic is reduced when using a 
phase interpretation, since fluctuations in power dissipation 
and amplifier gain factors have less influence on the 
measurement. 

VI. CONCLUSION 

This paper has presented a thermal gas sensor that can be 
employed to simultaneously quantify the thermal conductivity 
and volumetric heat capacity of pure gases. We have 
interpreted the gas-dependent temperature response of a 
heater with a thermal lumped model to estimate these 
independent thermo-physical gas properties. The applied 
model for the analysis of the heat loss of a periodically excited 
heater to the surroundings represented a first order low-pass 
behavior. An evaluation of the amplitude of the frequency-
dependent thermopile signal allowed us to identify the 
equivalent parameters of our lumped model as a function of 
the respective gas properties. Here, a high agreement between 

 

Fig. 8. Phase shift for different gases as a function of thermal 

conductivity evaluated at an excitation frequency of 20 Hz. For gases 

with low thermal conductivity and high volumetric heat capacity, 
larger absolute errors are shown due to the influence of the induced 

pressure variations. 

 

Fig. 10. Relative changes in amplitude and phase of the thermopile 

signal as a function of varying voltage amplitude for pure N2 and an 

excitation frequency of 20 Hz. 

 

 

Fig. 9. Relative change in phase as a function of pressure for gases 
with similar thermal conductivities evaluated at an excitation 

frequency of 20 Hz. The different sensitivities result from the different 

volumetric heat capacities of the gases. 



the measurement and our predefined lumped model was 
observed. The approach of fitting the thermopile amplitude 
and a subsequent interpretation of the frequency-dependent 
and -independent part is particularly suitable for 
distinguishing gases with similar thermo-physical properties. 
For example, CO2 and Ar could be clearly identified due to 
their significantly different volumetric heat capacities. In 
addition to an analysis of the thermopile amplitude, we also 
examined the respective phase response. Although no 
individual information about the two thermal gas properties 
can be obtained, the signal was independent of the applied 
power. If gases and their mixtures have similar volumetric 
heat capacities (e.g. H2 and N2) and are not exposed to 
pressure changes in the application, the interpretation of the 
phase response of the thermopile signal is a promising method 
to distinguish gases based on their thermal conductivities.  

Based on these early results, novel miniaturized thermal 
sensors with improved performances in sensing individual gas 
properties will be developed. In this way, we hope to address 
upcoming applications in the field of hydrogen technologies 
and smart gas metering with low-cost sensing solutions. Due 
to the increasing complexities, these applications require the 
detection of more than one thermo-physical gas property to 
improve sensitivity, selectivity, and gas specificity. 
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