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Abstract—A wide range of pollutants cannot be perceived with human
senses, which is why the use of gas sensors is indispensable for an objective as-
sessment of air quality. Since many pollutants are both odorless and colorless,
there is a lack of awareness, in particular among high school students. The pro-
ject SUSmobil (funded by DBU — Deutsche Bundesstiftung Umwelt) aims to
change this. In three modules on the topic of gas sensors and air quality, the
students are familiarized with the functionality of a metal oxide semiconductor
(MOS) gas sensor, perform a sensor calibration and carry out environmental
measurements with calibrated sensors. Based on these introductory experi-
ments, the students are encouraged to develop their own environmental ques-
tions. In this contribution, we focus on the experimental and modeling approach
which explains the function principle of a MOS gas sensor in a way suitable for
high school students. This includes a qualitative and quantitative description of
a simplified sensor model explaining the main processes on the sensor surface.
In addition, an HTML-based self-learning course is presented in which the stu-
dents investigate the sensor behavior in the presence of different substances de-
pending on the sensor temperature.

Keywords—Air pollution; metal oxide semiconductor gas sensors; student ex-
periment; education; volatile organic compounds; high school

1 Introduction and Motivation

Air pollution is the single largest environmental health risk in Europe with over
400.000 deaths per year in 2018 [1]. According to the World Health Organization
(WHO) air pollution is a major cause for heart diseases and strokes, as well as lung
diseases and even Alzheimer’s [2]. Inside buildings indoor air pollutants are responsi-
ble for the sick building syndrome with symptoms like headache and nausea [3].
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The awareness of air pollutants has increased in recent years, as can be seen by the
“Fridays For Future” movement, but especially young people often have a diffuse or
only vague idea of it. For example, there is a widespread misconception about carbon
dioxide (COy) and its role as pollutant [4]. Although it is harmful to the environment
as a greenhouse gas and contributes significantly to climate change in addition to
gases like methane (CH.), for human beings it is only dangerous at very high concen-
trations (>1 % continuous exposure over more than three weeks), with symptoms like
increased respiratory rate, dizziness, confusion and dyspnea [5]. Typically, these high
concentrations are never reached indoors. Nevertheless, CO, can serve as indicator for
poor indoor air quality, because other pollutants like volatile organic compounds
(VOC) correlate with the CO, concentration, when there is no other source of VOCs
besides humans [6]. This has led to the widely accepted Pettenkofer value of 1000
ppm for CO,, above which increased ventilation is recommended [7].

To increase awareness about air quality, the outreach project “SUSmobil” (Ger-
man: Schuler-Umwelt-Studien mit mobilen Messgeréten, English: Environmental
Studies by Students with mobile measuring devices) aims to teach students, age 12 to
18, about air quality and how it is determined with low-cost sensors [8]. In three
modules the students learn about the function principle of metal oxide semiconductor
(MOS) gas sensors (module 1), the required calibration process for quantification of
target gas concentrations (module 2) and finally perform practical measurements of
indoor air quality (IAQ, module 3) [9]. These modules form the theoretical basis for
students to develop their own environmental studies in the form of citizen science
projects. The range of participation possibilities for students within citizen science
projects is diverse and ranges from the provision of resources and sensor data to the
development of their own questions, methods and analytics as part of pure citizen
science. [10]. Active participation in the research process can help demystify science
as such and make it possible to experience the process of gaining scientific knowledge
[11]. Examples of student environmental studies are investigations of particulate mat-
ter (PM) emissions near a school, of the influence of plants on bedroom air quality or
of the air composition in beehives and the bees’ reaction to increased CO; levels [12].

The current paper focuses on module 1 — the function principle of a MOS gas sen-
sor. First the physical sensor model, based on grain-grain-boundaries is described
(section I1). After that, a simplified student model is presented, which describes the
sensor reaction as a superposition of three effects (section Il1). Then its performance
and limitations compared to the physical sensor model are discussed (section V).
Then, the experimental implementation for deriving the simplified sensor model is
described which is based on an HTML-based self-learning course by investigating the
sensor response in the presence of reducing gases (section V). In particular, the tem-
perature dependence of the sensor reaction is addressed. Section VI concludes this
contribution with a brief summary and outlook.
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2 Physical Model of The Function Principle of Metal Oxide
Semiconductor Gas Sensors

Most metal oxide semiconductor (MOS) gas sensors are based on n-
semiconducting tin dioxide (SnO,), which is applied as a granular layer on the surface
of a substrate. The description of the conduction mechanism is mainly reduced to the
observation of grain-grain boundaries forming energy barriers for electrons in the
conduction band [13], cf. Fig. 1. Depending on the sensor temperature, two different
reactions based on the adsorption of oxygen on the surface can take place. According
to [14] the important surface reaction for temperatures below approx. 150°C is

02,ads +e - 02_,ads (1)
while for temperatures above approx. 150°C oxygen dissociates

1 — —

;Oz,ads +te - Oads (2)

Thus, oxygen adsorption removes free charge carriers from the semiconductor, es-
pecially on the sensor surface.

Reducing gases, such as carbon monoxide (CO), react with the adsorbed oxygen,
thereby releasing charge carriers again.

CO+ 0545 » COy + e 3

The electron-depleted zone near the surface decreases, reducing the energy barrier
and increasing conductivity, which can be measured as the sensor reaction (3). In the
band model, the depletion zone is described by the formation of an energy barrier Eg
(Schottky barrier) at the grain-grain boundaries, see Fig. 1.

adsorbed oxygen

depletion zone

structure model

L

conduction band
electron
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Fig. 1. Model for describing the functionality of a metal oxide semiconductor gas sensor based
on the grain-grain boundaries. Schematic representation as structure (top) and band
model (bottom) of a polycrystalline layer of a MOS gas sensor in air (left) and in the
presence of a reducing gas, here CO (right). E denotes the lowest energy of the con-
duction band, Eg indicates the Schottky barrier and
Ep refers to the Fermi energy [13], [15].
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According to [13] the description of the conductivity o of the sensor based on the
grain boundary model can be reduced to the temperature-dependent function (4)
= g - _fs
g = 0y exp( kBT) 4)
Here, kg is the Boltzmann constant and T the temperature of the semiconducting
material. The energy barrier Eg depends on the surface charge density Ng of adsorbate
states of oxygen and the donor density Np. By using the one-dimensional Poisson

equation with Schottky approximation and the Schottky potential Vg, a relation for the
energy barrier (Schottky barrier) can be found [13]

N3
2erggNg

Eg =eVs = (5)
including the elementary charge e, and the permittivities of vacuum ¢, and of tin
dioxide &, respectively. In dynamic equilibrium the surface charge density N of ad-
sorbate states with an energy E, depends on the Fermi energy Er and the temperature.
According to [14] it can be described in equilibrium by the Fermi distribution
1

T EER) (6)
)

1+exp( KT

Ng~

The pre-factor g, of conductivity (4) is proportional to the electron mobility ug and
the donor density Ny [14]. It is linked to the electrical conductance G, via a geometric
factor Ageom

Go

Ageom =0p=¢€" s Ny (7)

The donor density N4 in SnO; is caused by single and double ionized oxygen de-
fects in the bulk. The energies for the first and second ionization are approx. 30 meV
and 150 meV, respectively [15]. At typical sensor operating temperatures
(200 - 440 °C), corresponding to average thermal energies between 40 and 60 meV,
the donor states of the first ionization are almost completely depleted, while the states
of the second ionization are still almost completely occupied. Thus, Ng4 = const. is a
valid assumption in the operating range of the sensor [14]. Due to the large band gap
of SnO; of approx. 3.7 eV, no intrinsic conductivity is to be expected, hence the con-
ductivity is exclusively due to ionized donors [16].

Due to collisions of the electrons with lattice defects and phonons (quantized lat-
tice oscillations), the electron mobility decreases at higher temperatures according to
the relationship [13]

MSNT_s/z (8)
This results in a temperature-dependent conductivity in the form

o~T73/% - exp (— E—B) ©)

kBT
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Using (5) and (6), overall, this leads to the expression

o~T7 3% exp| — !

Z 10
kBT(1+eXp(EA_5F)) ( )

kp

In case of a constant voltage, the electrical conductance G, conductivity o and the
electrical current | are proportional to each other. Thus, G and the electrical resistance
R = G~* can be expressed qualitatively as a function of the sensor temperature by

R==~T32. - 11
- exp kBT-(1+eXp(EA_EF)>2 (11)

kgT

Fig. 2 schematically shows the basic behavior of G and R as a function of the sen-
sor temperature T in pure air and in air with an additional reducing gas.
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Fig. 2. Qualitative theoretical behavior of the electrical conductance G (left) and resistance R
(right) of a MOS gas sensor in dynamic equilibrium as a function of the sensor tempera-
ture T in pure air (dotted line) and in the presence of a reducing gas (solid line). The
graphs are based on Eq. (11) with different bonding energies Eg according to Eq. (5).

3 Simplified Model of the Function Principle — Qualitative and

Quantitative Consideration

Teaching the theoretical basics of the functionality of MOS gas sensors in high
schools faces the challenge that concepts of semiconductor physics including the band
model are not established and cannot be developed without great efforts. In addition, a
high level of abstraction is inherent in the consideration of grain-grain boundaries and
the dependence of conductivity on space-charge regions which are more or less de-

pleted of electrons. Thus, a simplified model adapted to the level of learning and
knowledge of high school students was developed.
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This model is intended to describe as adequately as possible

a) The sensor behavior at different operating temperatures
b) The processes taking place on the sensor surface with and without reducing gas as
the core of the sensor reaction

This includes the explanation for the existence of a resistance minimum R, (a)
and of the decrease of the resistance in the presence of a reducing gas (b), cf. Fig. 2.
In the following, the components of a mechanistic functional model are first described
before model assumptions and implications with increasing complexity are presented
qualitatively in three steps. The corresponding quantitative descriptions on which the
presented graphs are based is included in the appendix.

3.1  Model components, assumptions and predictions

Fig. 3 shows the schematic structure of the developed sensor model. According to
the simple Drude model [17], electrons, represented by grey dots, move within the
sensor material as free charge carriers due to a constant electrical voltage U,. Their
movement in x-direction caused by the electric field is indicated by arrows, their
length indicates their velocity v = dx/dt. Let A be the cross-sectional area of the
sensor.

By introducing the charge density p = Q/V, with the total charge Q and the vol-
ume of the sensor material V = A - x, the electrical current I and conductance G can
be derived according to (12).

dx

90 _ A4y =
G~I—dt—pAdt—pAv—

LS

v (12)

Assuming a homogeneous charge distribution Q /x = const. the electric conduct-
ance G is proportional to the product of the total charge Q (or number of charge carri-
ers) and the electron velocity v

G~Q-v (13)
reducing gas molecules
atmosphere
~8 & & & oxygen
sensor
electrons R
material

-

supply
voltage Uo
-l—_'\‘;j‘!l}?
A

amperemeter

velocity as indicated
by arrows

Fig. 3. Schematic structure and components of a mechanistic functional
model for MOS gas sensors.
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Variable sensor temperatures are symbolized by the colors blue = "cool (5 100
°C)", yellow = "warm (100 °C — 250 °C)" and red = "hot (= 250 °C)". Above the
sensor material the surrounding atmosphere is depicted, with oxygen and reducing gas
molecules indicated by blue and violet dots, respectively. For simplification, no dis-
tinction is made between atomic (O) and molecular (O2) oxygen, and the gas mole-
cules are also considered quasi atomic (indivisible).

3.2  Effect of sensor temperature — No atmosphere considered

The simplified model describes the effect of increasing temperature on the sensor
as an increase in the effective electron velocity. At the same time, the total charge
within the semiconductor without an external atmosphere remains constant. Due to
the increase in electron velocity, the electrical conductance also increases with higher
temperatures according to (13). Fig. 4 shows the influence of temperature in the sim-
plified sensor model.

> . > L - > o
> o T s =l o o, = o |

L7 | L o

AT L TAT | LA™ |

Fig. 4. Schematic representation of sensor behavior without external atmosphere at low (left),
medium (center), and high (right) sensor temperatures. The velocity of the electrons in-
creases with temperature, while the number of charge carriers remains constant. Thus,

the electrical conductance increases with increasing temperature.

The assumed dependence of the conductance on temperature corresponds to the
exponential decrease of the resistance typical for an NTC thermistor, a widely used
temperature sensor, cf. Fig. 5 [18]. This model presentation qualitatively replaces the
temperature influence of the grain boundaries of the physical model. Similarly, the
assumption of a fixed number of free electrons inside the sensor material resembles an
electron density independent of temperature.
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Fig. 5. Qualitative dependence of the electrical conductance (left) Qualitative dependence of
the Resistance (right) of an NTC thermistor on temperature

3.3 Influence of an oxygen atmosphere without reducing gas

In the presence of an oxygen-containing atmosphere, the oxygen adsorbs on the
sensor surface, capturing electrons, which are no longer available for charge transport.
The higher the sensor temperature, the more adsorption processes take place, as these
require an activation energy. This reduces the number of free electrons in the sensor
material with increasing temperature. Combining the effects of electron velocity and
oxygen adsorption, three cases are considered for various sensor temperatures, see
Fig. 6.
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Fig. 6. Schematic representation of the sensor behavior in an atmosphere containing oxygen at
low (left), medium (middle) and high (right) temperatures. The velocity of the electrons
increases with temperatures, while the number of free electrons is reduced due to cap-
turing by oxygen at the surface.

At low temperature, the low electron velocity leads to a low total current despite
many electrons. At high temperature and high velocities only few free electrons are
available, again resulting in a low total current. At medium temperature the influence
of both competing effects results in a maximum total current. The electrical conduct-
ance shows the same behavior while the electrical resistance shows a minimum at
medium temperature as depicted in Fig. 7.
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Fig. 7. Qualitative dependence of the electrical conductance (left) and resistance (right) of a
MOS gas sensor as a result of the superposition of the two competing effects tempera-
ture and oxygen adsorption: the velocity of the electrons increases with temperature,
while the number of free electrons is reduced due to adsorption of oxygen
on the sensor surface.

3.4 Influence of a reducing gas

Reducing gas molecules in the atmosphere (e.g. CO or ethanol) can react with oxy-
gen adsorbed on the surface, causing it to desorb. Electrons previously captured by
the oxygen are released and are available again for charge transport. Thus, the electri-
cal conductance increases, see Fig. 8.
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Fig. 8. Schematic representation of the sensor behavior in an atmosphere containing
oxygen plus a reducing gas at low (left), medium (middle) and high (right)
temperatures.

¥ Y9
Y Yy
¥ Y e
¥ vy

The reaction rate of the reducing gas with the oxygen depends on the concentration
of the gas in the atmosphere, which is initially assumed to be constant, as well as on
the oxygen coverage and the sensor temperature. The higher the temperature and the
more oxygen is adsorbed, the greater the probability that the reducing gas will react
with the bound oxygen. At the same time, the surface coverage with oxygen is limited
due to the increasing number of negatively charged oxygen molecules (Weisz-Limit,
[18]). Therefore, the surface coverage remains almost constant at very high tempera-
tures, where the fast adsorption of oxygen dominates over the reaction with the reduc-
ing gas, decreasing the response to the reducing gas, see Fig. 9.
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Fig. 9. The figures indicate that the response of the gas sensor to reducing gas
is also temperature dependent. Influence of a reducing gas on the conductance G (left),
The electrical resistance R (right) depending on the temperature

4 Model Performance and Limits

The simplified sensor model is able to describe the relevant factors for the func-
tionality of a MOS gas sensor both qualitatively and semi-quantitatively on an educa-
tion level suitable for high school students. This involves adsorption of oxygen on the
sensor surface as well as the reaction with a reducing gas as essential components to
understand the sensor reaction. The principle behavior of the electrical conductance or
resistance as a function of the sensor temperature agree with the prediction of the
physical theory based on the grain- boundary model as well as with the experimental
observations (see section V). In particular, these include a maximum of the electrical
conductance corresponding to a minimum of the electrical resistance at “medium”
temperatures. Fig. 10 shows a comparison of the predictions of the electrical conduct-
ance and resistance vs. temperature according to the grain-boundary model and the
simplified mechanistic sensor model. The curves of the simplified sensor model are
based on the quantitative description as described in the appendix. Note that it is pos-
sible to extend the simplified sensor model also to oxidizing gases.

== physical model == physical model
— simplified model — simplified model

Conductance &/
Resistance R

Temperature 7' Temperature 7’

Fig. 10.Comparison of the qualitative predictions of the electrical conductance G (left) and the
electrical resistance R (right) according to the physical sensor model based on grain-
grain-boundaries (dotted line) and the simplified model (continuous line) based on (11)
and (26).
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The simplified mechanistic model also adequately explains the shift of these curves
in the presence of a reducing gas, as well as the effect that the values with and without
reducing gas converge at very low and very high temperatures. Furthermore, it is
possible to qualitatively extend the model by introducing stationary and transient
states to describe the dynamic behavior of a MOS gas sensor using a temperature
cyclic operation (TCO). This operation method can be used to increase the sensitivity
of the sensor over several magnitudes [20]. It reduces the sensor drift considerably
[21], allows a reliable quantitative calibration under ambient conditions [22].

Nevertheless, the simplified model is limited in its descriptive value. It neglects, or
better hides, concepts of solid-state physics such as discrete energy levels or the band
model in semiconductors. The model does not require a semiconducting material in
order to measure reducing or oxidizing gases. Finally, the derivation of the model
assumes that the amount of charge follows a continuous function and therefore ne-
glects that there are no fractions of elementary charges. While these aspects are essen-
tial for a true scientific understanding of MOS gas sensors, they are not required for
explaining the results of the experiments which the high school students perform.

5 Experimental Implementation

In order to experimentally support the concepts of the simplified model for the de-
scription of the functionality of a MOS gas sensor, a student laboratory experiment
was developed. In this experiment the students investigate the reaction of a MOS gas
sensor in the presence of different substances. The experiment is realized as an inter-
active HTML-based self-learning course divided into two practical and two theoreti-
cal sections. Within the practical parts measurements are performed in the headspace
above the liquids water, apple juice and non-alcoholic beer. Based on the experi-
mental observations, the simplified sensor model and its implications are developed
step by step in the theoretical parts. The model is used both qualitatively and semi-
quantitatively. In order to avoid a cognitive overload of the students, formal-
quantitative treatment is avoided.

5.1  Technical realization

A simple circuit board was developed as basis for the learning setting, see Figs. 11
Fig. 12. Mounted on the bottom is the MOS gas sensor AS-MLV-P2 [23], which can
be heated to defined temperatures via an integrated heater below the sensitive layer.
The heater voltage is regulated by two potentiometers (coarse and fine) in the interval
0.7 - 3 Volt, corresponding to a sensor temperature range between 50°C and 400°C.
The voltage is smoothed by a capacitor (10 uF). Heating voltage and the electrical
resistance of the sensitive layer can be measured with multimeters connected to the
board. The voltage is supplied by a standard micro USB connector, power is indicated
by an LED.
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Fig. 11. Top and bottom view of the experimental circuit board. The gas sensor is mounted on
the bottom, all other components on the top of the board.
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Fig. 12. Schematic diagram of the circuit board.

The samples are in liquid phase in small glass jars (30 ml). The headspace (atmos-
phere above the liquid) through evaporation contains gaseous components in equilib-
rium with the liquid. The jars can be screwed underneath the circuit board, so that the
sensor is in a sealed volume in the headspace of the liquid, see Fig. 13. The gas con-
centration in the headspace is determined by the concentration of the components in
the liquid, for a pure liquid, e.g. water, the gas atmosphere is saturated. More im-
portantly, the concentration of the individual gas components is constant at constant
ambient temperature.
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‘Water N alcahnlic Baer Glass screwed under circuit board

Fig. 13. Samples and attachment to the circuit board. The heating voltage for the gas sensor is
provided by a USB power supply and can be manually varied
by potentiometer and measured with a second multimeter.

5.2  Experimental part I — Comparison of the sensor reaction at two sensor
temperatures

After a temperature change, a new equilibrium between adsorbed and desorbed ox-
ygen is established on the surface. The duration of this process will be between milli-
seconds and hours [21]. In order to obtain comparable measurement results, the fol-
lowing measurements are therefore always performed at the same time intervals after
a temperature change.

In the first experimental part, the students investigate the sensor reaction in the
presence of water, apple juice and non-alcoholic beer at two different heating voltages
(1.2 and 2.6 V) corresponding to sensor temperatures of 125°C and 340°C. The meas-
urements are taken 60 seconds after a temperature change. Exemplary results are
shown in Fig. 14.

Liquid Resistance Relative value Resistance Relative value
U=12V)inkQ with respectto  (U=2.6V)inkQ  with respect to
water water
Water 83 100% 132 100%
Apple juice 23 28% 35 27%
Non-alcoholic beer 27 33% 65 49%
Water
Apple juice

Non-alcoholic beer

0%  20%  40%  60%  BO0%  100% O%  20%  40%  60%  80%  100%

Fig. 14. Absolute sensor resistances (black) in the headspace for three test substances (water,
apple juice, non-alcoholic beer) and values relative to water (blue) at heating voltages
of 1.2 V (125°C, left) and 2.6 V (340°C, right) recorded 60 seconds
after a temperature change. A heating voltage of 2.6 V allows
better discrimination of the three test substances.
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The measurements show the students that the sensor reaction is dependent on sub-
stance as well as temperature. At both sensor temperatures, it is shown that the sensor
resistance above water is highest. The atmospheres above apple juice and non-
alcoholic beer contain fairly large quantities of volatile organic compounds, primarily
reducing gases like ethanol, which are in both cases responsible for the reduced re-
sistances compared to water. At a heating voltage of 1.2 V, the recorded signals, both
absolute and relative to the sensor signal for water, are very similar, which does not
allow reliable discrimination of apple juice and non-alcoholic beer. In contrast, all
three test substances can be clearly distinguished at a heating voltage of 2.6 V. This
observation serves as motivation to investigate the temperature dependence of the
sensor reaction more closely.

In order to understand why the sensor resistance is reduced in presence of a reduc-
ing gas, the simplified model is introduced in a first theoretical part of the course.
This includes the theoretical description, as discussed in section Ill. at a constant sen-
sor temperature.

5.3  Experimental part Il — Determination of a characteristic sensor reaction
depending on its temperature

In the second experimental part, the students investigate the temperature depend-
ence of the sensor reaction in more detail. For this purpose, starting with a heating
voltage of 2.8 V, they reduce the sensor temperature in steps of 0.2 V, and measure
the sensor resistance in the presence of water and another substance of their choice.
Measurements are taken 10 seconds after each a temperature change. The sensor sig-
nal for water represents the reference graph, as there are very few reducing substances
in it. Exemplary measurement results are shown in Fig. 15.

The measurements show the expected trends derived from the physical grain-
boundary model as well as the simplified mechanistic model which both predict a
minimum of the electrical resistance (a maximum of the conductance) at medium
temperatures. In the case of the investigated MOS gas sensor AS-MLV-P2, this sub-
stance-dependent minimum is in the range between 150°C and 250°C. The measure-
ment curves are shifted to lower electrical resistance values (higher conductance val-
ues) in the presence of reducing gases, such as ethanol in apple juice, again as pre-
dicted by both models.
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Fig. 15. Characteristic measurement curves of the sensor conductance (left) and resistance
(right) as a function of the sensor temperature (determined by the heating voltage) in
the headspace above water (dots) and apple juice (circles). Semi-logarithmic representa-
tion is used to better show the effects.

In the following second theoretical part the students extend the previously devel-
oped sensor model by the component of a changing temperature as shown in section
1l.

5.4  Feedback and outlook

Since 2018 the learning modules were conducted by various school classes of dif-
ferent age groups and have been continuously optimised based on feedback from
teachers and students. By now it is a well-established part of the experiments offered
by the student lab SinnTec at the Lab for Measurement Technology at Saarland Uni-
versity Saarbriicken and the Student Research Center Saarlouis. Most of the evalua-
tions were very positive. Teachers commend the versatility of real and virtual parts of
the experiment within a course. The structure as an HTML-based self-learning course
on the PC with integrated data recording and presentation enables teachers and super-
visors to deal exclusively with core problems of the students such as comprehension
questions. This eliminates peripheral problems such as incorrect transcription of
measurement results or problems with the graphical representation of measurement
data. Furthermore, the experiments and concepts of gas sensor technology are a wel-
come change from the regular lessons and offer new insights for teachers, as gas sen-
sor technology is not part of the teacher education programme in Germany.

By using the simplified sensor model, it is possible to reduce the complexity of the
operation of a MOS gas sensor to the essential points. This makes it possible for stu-
dents as young as grade 7 to gain an insight into the subject of gas sensors. This
would otherwise only have been possible with a more advanced level of knowledge of
physics and chemistry.

Students appreciate the versatile work on the PC. It has been shown that students
compare measured values with each other, discuss possible deviations and look for
reasons for this without being explicitly asked to do so. This can be interpreted as an
indication of an increased interest in the topic of gas sensors. In a following self-
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learning course (module 2) the concepts developed in this module are taken up and
continued in order to achieve a quantitative calibration of a sensor for one model
substance (ethanol) at different concentrations. Here, the simplified model is extended
to take dynamic effects into account which occur after a temperature step change.
This leads to the introduction to the temperature cycled operation (TCO) of a MOS
sensor which is used to increase the sensitivity and selectivity of the sensor [20].
Module 2 is described in detail in [24].

Both German and English versions of the HTML course can be downloaded as
open source from the project website [25].

6 Conclusion

The developed simplified sensor model is adapted to the learning and knowledge
level of high school students. It can describe the relevant processes taking place on
the sensor surface as a function of the sensor temperature with and without reducing
gas, both qualitatively and semi-quantitatively. The model describes the sensor reac-
tion as the result of three overlaid and competing processes.

a. The velocity of the electrons increases with increasing temperature, based on the
principle of an NTC thermistor, which leads to an increased conductance;

b. Oxygen molecules adsorb on the sensor surface capturing electrons, which means
that fewer electrons are available for charge transport and, thus, a decrease of the
conductance. Due to thermal activation of the adsorption the effect of the velocity
of the electrons dominates at low temperatures, while oxygen adsorption dominates
at high temperatures.

c. Reducing gas molecules can react with adsorbed oxygen freeing the captured elec-
trons and, thus increasing conductance over the entire temperature range. Due to
thermal activation, the effect of reducing gas is small at low temperature. At high
temperature fast readsorption of oxygen in combination with the Weisz limit also
results in a small change of the conductance for reducing gases.

This model is derived from experimental observations and developed theoretically
step by step in a descriptive way using a self-learning course. Students study the sen-
sor reaction to water, apple juice and non-alcoholic beer vapors as a function of the
sensor temperature using a very simple set-up and record characteristic measurement
graphs. This experiment shows that a combination of a few simple effects can lead to
quite complex behavior and serves as an accessible introduction to the topic of MOS
gas sensors.
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10 Appendix

The graphs in sections 111 and IV are based on the following derivations.

10.1 Effect of sensor temperature — No atmosphere considered

Theoretically, the dependence of the electrical conductance G is interpreted by
comparison to a thermistor with negative temperature coefficient (NTC). These tem-
perature sensors are also based on semiconducting metal oxides and their electrical
conductance G increases with increasing temperature T according to (14) [18] which
also describes a MOS gas sensor [21].

Th

G ~ exp <— %) (14)

Here EXM is the activation energy to overcome the band gap, kj is the Boltzmann
constant and T is the temperature. Since no charge carriers are captured without an
oxygen atmosphere, the total charge Q remains constant, so that the increase of the
electrical conductance G according to (14) can be interpreted as an increase in the
drift velocity of the electrons in (13).

10.2 Influence of an oxygen atmosphere without reducing gas

Due to the adsorption of oxygen on the sensor surface, free electrons Qf are cap-

tured. This reduces the number of charge carriers that are available for charge
transport. As a result, the total charge Q is reduced by the amount of bound charges

Qp-
Qf =Q— Qp (15)

According to Arrhenius [26], the reaction of oxygen with the surface can be ex-
pressed by a temperature-dependent reaction rate k:

k=exp (— %‘T) (16)

The term E, describes the activation energy required for adsorption of oxygen on
the surface. This allows the amount of bound charges to be calculated according to

Q=0 exp(—1%) (17)

kT

As the surface coverage of negatively charged oxygen increases, so does the sur-
face potential, and thus the required activation energy E, also increases. This effect is
known as “Weisz-Limit” [18]. In a first estimation, it is reasonable to assume a linear
dependence for the surface coverage with a pre-factor a.

E (Qp) = EE +a-Qp (18)
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EJ describes the basic activation energy for adsorption of oxygen on the surface.
After equilibration the surface coverage is determined as a function of temperature.

Q= Q exp (-2 ) (19)

The solution of this implicit equation with respect to @y, is the analytical continua-
tion of the Lambert — W — function [27]:

EQ
a-Q-exp(—kB—AT)

Q=W | —; (20)
Using (15) the number of free charges is determined by
0y = Q- (1 - exp (- Fize2)) 21)
and with (13) this results in a conductivity of the form
G~Q- (1 —exp (— E‘(‘{Z%Qb)) exp <— i:;:) (22)

10.3 Influence of a reducing gas

As a result of the reaction of reducing gases, fewer oxygen molecules are effective-
ly adsorbed on the sensor surface. This phenomenon can be described by an effec-

tive activation energy E<//
0 eff _ o !
Ef->E/’ =Ef+E, (23)

E, is the activation energy for the reaction of a reducing gas with adsorbed oxygen
on the surface, depending on both the substance and its concentration. Using (19) the
number of bound charges can be derived by

0 I .
Qy = Q- exp (- HATEATER) (24)

and therefore, the number of free charge carriers Q; according to (15)

. ESQ+ E +a-Qp
Q=0 (1 —exp (_ 4 I:;T )) (25)
With (13) this finally leads to the electrical conductance
) ES+ El +a-Qp EX"
G~Q (1 — exp (— T)) exp <— k?r) (26)

The electrical conductance decreases overall in the presence of reducing gases. For
both low and high temperature, the conductance with and without reducing gas ap-
proach each other. This effect can also be observed in experiments (see section V).
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