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This work presents the design and validation of a measuring instrumentation for an easy, complete
and tunable characterization of chemiresistive gas sensors based on metal-oxide semiconductors.
The equipment, described in depth both as hardware and as software, was designed to monitor
the electrical behavior of gas sensors in controlled thermodynamic conditions. The main goal of
this setup is to synchronize the electrical characterization with different measuring conditions, i.e.
operating temperature, relative humidity and gas target concentration. This operation allows to
automate various measurement protocols, otherwise impossible to obtain manually. In particular,
this instrumentation permits to correlate the response of a chemiresistive gas sensor to the applied
voltage, to its working temperature, and to the gas concentration, automating the acquisition of
the current-voltage characteristic and the current-temperature characteristic (Arrhenius plot) of
sensing films. The experimental setup was validated by reporting the electrical characterization of a
standard metal-oxide based gas sensing material, such as SnQO2, working in different thermodynamic
conditions.
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I. INTRODUCTION

The monitoring of gaseous compounds concentration is important in diverse fields of application, from the envi-
ronmental control of potentially polluting processes to the detection of gas emissions of specific crops for agrifood
applications [1-5]. For this reason, various strategies based on different technologies have been developed to tune gas
detection. Between these options, nanostructured semiconductors-based gas sensors have sparked growing interest
during the last decade due to their unique characteristics of being compact, cheap, low-powered and easily integrated
with state-of-the-art technologies for micro-machining [6-8]. Chemiresistive gas sensors are primary based on semi-
conducting materials, they correlate specific physical-chemical reactions occurring at the surface of the sensing film
(i.e. oxidation or reduction of a gas) with a modification in the resistivity of the material itself that compose the
sensor [9, 10].

Despite the great attention dedicated to the study of new materials for gas sensing, no particular effort has been given
to the development of a dedicated instrumentation to perform an effective electrical characterization of chemiresistive
sensors. The current developments of instrumentation are mainly focused on decreasing the energy consumption,
as required by promising fields of application, such as Internet of Things (IoT), where low powered and minimal
electronics is mandatory [11, 12]. For this reason, the performance of a chemiresistive gas sensor are usually measured
using compact solutions, such as a generic ohmmeter, calibrated to operate in the resistance range of the used sensor
[13]. However, depending on the employed sensing materials, various adjustments are required to perform accurate
measurements. First of all, most of the semiconductors-based gas sensors do not operate properly at room tempera-
ture (RT). Indeed, most semiconducting materials have to be thermally activated, in order to make reversible the gas
detection process at the surface [9]. Then, it is necessary to develop a system that provides optimal control of the
working temperature of the sensors. It is also important to consider that chemiresistive gas sensors do not behave
as ideal resistors. Specifically, it is observed that the applied potential influences the resistance value of the sensing
film, then a configuration that fixes the voltage drop on the sensor has to be employed. These needs are usually
accomplished using at least two programmable Source Measure Units (SMU): one to control the working temperature
of the sensor and one to carry out the resistance measurement of the sensing film [14].

The usage of certified instrumentation represents the standard solution regarding the electrical characterizations of
new devices, however, in the perspective of any practical usage of semiconducting gas sensors, a more flexible, portable
and cost-effective solution has to be developed. For this reason, we have designed a dedicated instrumentation that
joins all the necessary electronics in a single hardware, maintaining a measurement accuracy and a dynamic range
comparable to that obtained from certified instruments. The presented hardware is controlled with a custom software
developed in Java, that allows the user to set every measuring parameter (i.e. sensor working temperature and its
applied voltage) and to monitor any relevant quantity, such as the current working temperature, the applied voltage,
the current passing through the sensing film, the resistance of the sensing film, and the measuring chamber parame-
ters, i.e. temperature and relative humidity (RH%).

Moreover, some articulated characterizations result difficult to be directly managed by the user, especially because
these require many days to be carried out. Then, one of the goals of this work was to develop an instrumentation that
allows to automate these characterizations, reducing the measurement time and improving the accuracy, simultane-
ously. In particular, we provided a system that allows to perform both electrical and thermoelectric measurements
automatically by means of the current-voltage (I-V) characteristic and the current-temperature (I-T) characteristic.

In order to validate the instrumentation, we report the characterization of thick-film tin oxide (SnOs) based sensor,
exposed to different conditions in a variable atmosphere of carbon monoxide. SnO is a long and deeply studied
material, then it was considered particularly suitable to evaluate the performance of such new instrumentation [9, 15|.

II. CHEMIRESISTIVE GAS SENSORS

The presented instrumentation was developed to drive chemiresistive gas sensors that are composed of a sensing layer
deposited on a substrate with an integrated heater. These elements are standard for chemiresistive gas sensors and,
depending on the type of application, can be produced using different technologies, both in regard to the deposition
of the sensing layer and to the fabrication of the substrate [6, §].

Figure 1 shows the structure of the sensors obtained in our laboratory, that was used to validate the described
instrumentation.
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FIG. 1. Structure of a sensor mounted on a TO-39 support. On the front side of the alumina substrate there are the gold
interdigitated electrodes for the resistance measurement of the screen-printed sensing film, while on the rear side there is the
platinum heater.

A. Sensing layer

The sensing layer is the part of a chemiresistive gas sensor that detects the presence of a target gas by changing its

properties (i.e. electrical resistance). Indeed, the interaction of gaseous molecules with the sensing layer activates a
chemical reaction that results in an overall modification of the electrical properties of the employed materials. These
are usually metal-oxide semiconductors, that are referred to MOX (Metal OXide) [16]. However, many different
sensing materials have been investigated, both as pristine or in combination with other additives known to act as
catalysts, such as noble metals[9, 15]. In particular, the doping/decoration with selected compounds allows to optimize
the properties of the devices, such as the selectivity to a specific gas or the overall response of the sensor[10]. Since the
gas detection in chemiresistive devices is a surface mechanism, usually nanostructured materials, such as nanoparticles
are employed, in order to maximize the surface active area [17].
Many technologies has been developed to deposit the sensing layer of chemiresistive gas sensors, both as thin or thick
films. In our laboratory, sensors are fabricated by screen printing a thick film. This process exploits the use of a paste
prepared starting from the functional nanostructured powder that is subsequently sintered to form a sensing layer of
approximately 20 — 30um.

B. Substrate

The substrate is the support on which the sensing layer is deposited, it includes a heater element and two electrodes.
The heater is used to apply the optimal working temperature to the sensor and in order to minimize the dimensions
of the sensor, it is used both to provide power and to measure the temperature, by working as a positive temperature
coefficient (PTC) thermistor.

Depending on the working conditions, different materials can be used as substrate, such as ceramic or even plastic
materials [6, 8]. The substrates used in our laboratory are made of a square die of alumina, with a side of 2.5 mm
and a thickness of 0.3 mm [16]. The heater is made of a platinum serpentine, deposited on the rear side and it has
a resistance of approximately 10 + 2Q2 at RT. The electrodes, on which the sensing layer is deposited, are made of
two interdigitated gold contacts, 10 pm hick and 220 ym wide, with a separation between the same contacts of 150
pum. The sensors are mounted on a standard 4-pin transistor outline package (TO-39), following the configuration in
Figure 1.

To limit the thermal dispersion, sensors are bonded using four gold wires (0.06 mm) that both connect and sustain
the substrate to the TO-39.

C. Response of chemiresistive gas sensors

The response of chemiresistive gas sensors is defined as the relative variation of an appropriate physical quantity
(e.g. resistance, conductance, circulating current etc.) with respect to the exposure to an analyte (i.e. tested gas)
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[18]. Indicating this physical quantity as X, the response can be defined by the formula:
Response = ‘M‘ (1)
XAir
where X and X 4, are the values of the selected quantity when the sensor is exposed or not to the analyte, respectively.
Usually, resistance is used to calculate the response of the sensing film since, as mentioned before, it depends on the
type and concentration of the gas [18, 19]. However, semiconducting gas sensors in many situations do not behave
as ideal resistors because they do not follow exactly the Ohm’s law [9]. For this reason, calculating the response of a
sensor with respect to the resistance could be misleading, because the resistance of semiconducting gas sensors is a
function of the applied voltage. To avoid this issue, instead of the resistance, it is advisable to adopt a quantity that
explicitly depends on the applied potential, such as the current through the sensing film at a fixed potential or the
differential resistance. Considering for example the current through the sensing film, the response is calculated as:

(Lair — 1) ’ @)

Response =
IAir

where I and I4;, are the current at a fixed potential with and without the analyte, respectively. In this way, it is
made explicit the dependence of the response on the applied potential.

III. MEASUREMENT SETUP

Figure 2 reports the scheme of the measurement setup, composed of an hardware and a software.

Computer | —

Set gas flows Send instructions Send data
Gas flow Temperature and electrical
controller characterization controller ~ [—

Set temperature
Set atmosphere and voltage drop Acquire data

Measuring chamber

FIG. 2. Schematization of the main modules of the measurement setup.

The hardware is divided in three main parts:

1. Temperature control, to set the temperature of the sensors.
2. Electrical characterization system, to monitor the electrical properties of the sensors.

3. Gas flow control, to set the working atmosphere.

The temperature control and the electrical characterization system were developed in a custom electronics, whereas
the gas flow control was composed by four commercial flow meters controlled by a custom Labview program. The
entire system is interfaced with a custom graphical user interface (GUI) written in Java.

Every module works independently and the synchronization between the instructions and the data acquisition is
carried out by the control software.
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A. Hardware
1. Temperature control

The block diagram in Figure 3 summarizes the circuit of the heater driver.
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FIG. 3. Structure of the heater driver. Depending on the state of N-Mosfet M1, the circuit can both provide power to the
sensor or measure its resistance.

This circuit is designed both to provide power and to measure the temperature of the platinum heater printed
on the rear of the sensors substrate. Usually, heating and temperature measurements are performed using different
circuit elements [20]. However, in order to decrease the total size of the device, it is possible to use a single element.
This goal is achieved using the self heating effect of a thermistor, exploiting the heating caused by the current used to
measure the resistance. In standard condition, self heating is generally avoided because it affects the temperature to
be measured. However, as previously discussed, the majority of chemiresistive gas sensors based on semiconducting
materials usually do not operate at RT, then self heating can be exploited both to supply and to measure the
temperature of a sensor.

The electrical scheme in Figure 3 is thought to operate in two regimes:

e supply regime, that provides energy to the heater,
e measurement regime, that acquires the temperature of the heater (measuring the resistance).

In supply regime, the purpose of the circuit is to provide power to the heater avoiding potential drops on other

elements. In this configuration (see Figure 3), the mosfet M1 is switched ON and the power control is made using
the Pulse Width Modulation (PWM) output connected to the base of the transistor Q1. Following the current path
in this state, it is easy to notice that the voltage drop is principally on the heater and the transistor @1, because the
resistance of the mosfet M1 is less than 200m$) when Vg equals 3.3V. Since the voltage drop on the transistor is
less that 0.3V if the current is between 20 — 200m A, in this configuration the power is for the most part delivered on
the heater.
In measurement conditions, the purpose of the circuit is to evaluate the resistance of the heater. In this configuration,
the mosfet M1 is switched OFF and the PWM output is set to its maximum value (so that the transistor QI is
switched ON continuously). Following the current path in this case, the current circulating through the heater, passes
also through the calibrated resistance R,.r, because mosfet M1 now behaves as an open circuit. In this way, in order
to obtain the resistance of the heater, it is required to measure the voltage drop on the heater itself and on R,.y.
Using Ohm’s law, it is possible to calculate Rpeqter as:

AVHeater X RRef
AVRef

3)

RHeater =

where AVheqter and AVg.y are the voltage drop across the heater and the reference resistance Rp.y, respectively.
Both supply mode and measurement mode involve a variable power provided to the heater, since the first one operates
in pulsed current, while the second one modifies the load to the main supply. To minimize any oscillation of the
temperature, every operation that involves a power modification is carried out in less than one millisecond, so that
the thermal inertia of the device averages the heat provided to the sensor. In this way, it is just detected the average
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power and any oscillation of the temperature is almost negligible. This topic is discussed in detail in the Support
Information.

Under operating conditions, the heater driver is set most of the time in supply mode and it is switched in measure-

ment mode just to measure the temperature of the device. Then, the power provided to the sensor is primarily due
to the duty cycle of the PWM input. The main advantage of using the duty cycle of a PWM signal to heat a sensor
is that it reduces power dissipation. However, operating in pulsed current always increases the electrical noise of the
entire system.
When the power dissipation is not of concern (i.e. lab condition), this problem can be avoided modulating the voltage
provided to the heater using a buffered Digital to Analog Converter (DAC). In this configuration the system works
in DC current, so M1 and @I are not actively involved, but they are set closed and open respectively. Finally, this
circuit is controlled via software using a standard Proportional Integral Differential (PID) algorithm that adjusts the
power provided to the heater to obtain the target value set by the user.

2. Implementation of the electrical characterization hardware

This section describes the hardware developed to perform the electrical characterization on chemiresistive gas
sensors. The block diagram in Figure 4 summarizes the main components of the measuring circuit in which the sensor
is represented as a resistance grounded from one side (Rgens)-
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FIG. 4. Structure of the measurement circuit. The system behaves as a trans-impedance amplifier with programmable gain,
where the amplification is set by multiplexer MUX1. MUX2 is used to perform a four wires measurement on R;.
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The main goal of the circuit is to set the voltage drop on the sensor and to measure the current across it. These
measurements are achieved using a circuit similar to a trans-impedance amplifier, where the gain is set using one
of the resistance in series with the multiplexer MUXI, and the voltage is set using a 12 bits resolution DAC in the
range +10 V. This range was selected to avoid an excessive drop in potential on the sensor electrodes, which can
trigger irreversible reactions between the sensing film and the gas to be detected. The trans-impedance configuration
is arranged connecting one end of the sensor and the DAC output to the inverting and to the non-inverting inputs
of the operational amplifier IC1, respectively. With this arrangement, IC1 tries to increase its output voltage until
the voltage difference between the inverting and the non-inverting inputs equals zero (virtual ground). When this
condition is achieved, the output voltage of IC1 is given by the DAC voltage, biased by the voltage AVeommon—B
that is in relation with the current passing through multiplexer MUX1 and resistor Rgepies-

Considering no current passing through the multiplexer MUX2, AVcommon—pB can be written as a function of the
internal resistance of the multiplexer MUX1 and the resistance connected in series with the sensor:

Amenmon—B = VCommon - VB = Rchannel x I + Rseries x I (4)

where Renanner 18 the internal resistance of the multiplexer, Rgeries 1S the resistance in series with the selected
channel and I is the current through MUXI1. If Rseries are chosen in a way that % is always small, the
voltage drop due to Rcpanner is almost negligible. However, for less resistive sensors, this ratio becomes important,
compromising the accuracy of the measurement. Moreover, R.panner depends on many unpredictable factors, as the
aging of the component or the different conditions of use, so it cannot be exactly deleted with a software correction.

To reject this issue and to achieve accurate measurements, it is mandatory to discard the voltage drop due to the
internal resistance of the multiplexer MUX1. This correction is obtained using the multiplexer MUXZ2, connected in
parallel with the multiplexer MUX1. These share every pin, except the output pin (node C) that is connected to
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an input of the instrumentation amplifier IC2. Since selection pins are shared, MUX1 and MUX2, always select the
same channels, so node C is always connected to the resistance Rgeres selected by the multiplexer MUX1I. Since
node C' is connected to one of the inputs of an instrumentation amplifier (IC2), there is no significant current flowing
through MUX2, so there is no voltage drop due to its internal resistance, and AVgmmon/c is just the voltage on the
selected resistance in series with the sensor. Therefore, it is possible to write the current through the sensor as:

AV ommon— Ve ommon Ve

Rseries Rseries

where Rgeries 1S the resistance selected by MUX1. Operationally, this configuration is equivalent to a four wire
measurement, where the right node is automatically selected by the multiplexer MUX2. Every resistance connected
to the multiplexer MUX! determines a specific dynamic range of the instrumentation. The selection of the more
appropriate combination is obtained via software, limiting the maximum voltage drop on Reyies- By now, the circuit
in the Figure 4 was treated as ideal, even if there are situations in which some corrections are necessary.
One frequent issue, especially working with very low currents, is the stability. The last is very dependent on the
chosen hardware, however, if necessary, the addition of a small ceramic capacitor (C1) between node Common and
node B contributes to solve this issue. A suitable value for C1 is between 50pF and 10nF'. Particularly important is
also the choice of Rgeries connected to MUX1. Indeed, a very high resistance can cause systematic errors due to the
leakage currents of the multiplexers, while very low resistance has to take into account the limited current that IC
components can supply and also the not negligible resistance of the Printed Circuit Board (PCB) traces. Generally,
optimal values for R, are R; = 10%, where i goes from 1 to 8. In this way, the largest resistance is Rg = 100M €
while the lowest is R; = 10 €. From this consideration, it is possible to calculate the minimum and maximum current
measurable with that system. Lower limit is obtained connecting the highest resistance that is 100M €2, while upper
limit is obtained connecting the lower resistance that is 10€2. Using an effective 13 bits resolution ADC with a range of
+1.67V, an overall dynamic range of 4pA to 170mA is obtained, so ultimately the reliable dynamic range is restricted
by the specifications of the mounted components.

8. Gas flow control

The gas feed system consists of four calibrated mass-flow controllers (MFC) (Brooks, SLA5800) and a secondary
electronics control module (Brooks, 0260) for the delivery of constant gas flow to the measurement chamber through
6 mm PTFE tubing. Humidity control inside the chamber is obtained by a dedicated MFC fluxing certified synthetic
air (20% Oz and 80% N2) through a bubbler filled with deionized water. All the system is controlled by a custom
LabView software and can work as a stand alone system, operating both in manual and in programmed mode [21].
In manual mode, the user directly sets the working atmosphere in the measuring chamber, controlling gases flowing
from every MFC. In programmed mode, the software runs a macro that sets different atmosphere at times specified
by the user.

B. Software: implemented measurements

Two types of measurements are managed by the system: low level and high level measurements.
Low level refers to the measures that monitor just a single physical quantity associated to a sensor. The system is
designed to monitor:

1. Voltage and current through a sensor.

2. Resistance of a sensor, calculated as the ratio of the applied voltage vs. the current.
3. Resistance, temperature and power provided to the heater.

4. Temperature and relative humidity of the measuring chamber during operation.

This type of measurements are useful to evaluate fast phenomena, for example the response of gas sensor to an
abrupt modification of the working condition, such as the atmosphere composition or the temperature. Low level
measurements are also helpful as control variable to detect malfunction during more complex measurements.

High level measurements consist in more complex operations that synchronize instructions (i.e. voltage and tem-
perature settings) with the data acquisition. These types of measurements behave as macros, where the user can fix
some parameters.

Currently, the system implements two types of macros:
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1. Current-Voltage characterization.

2. Current-Temperature characterization (or Arrhenius plot).

1. Current-voltage characteristic

The current-voltage characterization is the study of the current through a sensor as a function of the applied
potential. For chemiresistive gas sensors it is expected a linear characteristic, since they behaves ideally as resistors.
However, depending on the sensing material and on the measurement conditions, different behaviors are observed. A
well-known example concerns metal-oxide gas sensors, which show a behavior analogous to that of varistors [22, 23] .
In particular, it is verified that the I-V characteristic is well described, from a phenomenological point of view, by a
power law:

I=kxV® (6)

where [ is the current, V is the applied potential and & and « are constants respect to the applied potential.
Equation 6 reduces to the Ohm’s law for a = 1, then « is the linearity factor of a sensor.
By the measurement of the I-V characteristic it is also possible to understand anomalous behavior in chemiresistive
gas sensors, as the loss in symmetry depending on applied polarity or the damaging of the devices after long periods
of operation. These latter considerations highlight the importance of the I-V characteristic, both as testing tool and
for the modeling of the conduction mechanism of a new type of material [9, 22, 24]. For this reason, in order to
evaluate systematically the evolution of the I-V characteristic at different thermodynamic conditions, the acquisition
procedure of the I-V characteristic has been automated, so that it can be programmed with the use of some significant
values (i.e. starting voltage, finishing voltage, incremental step, number of cycle and delay between sampling).

2. Current-temperature characteristic

Similar to the I-V characteristic, the current-temperature characterization is the study of the current through a
sensor at a fixed applied potential, as a function of the temperature. In semiconductor materials, the I-T characteristic
is usually well described by an exponential behavior [25]:

-E,
I x exp{ kBT} (7)
where [ is the current through the sensor, T is the absolute temperature, F, is the activation energy, and K g is the
Boltzmann constant.s The equation 7 is linearized plotting the logarithm of the current as a function of the inverse
of the absolute temperature. These coordinates are referred to Arrhenius plot, and this representation is useful to
highlight deviations of the I-T characteristic from the eq. 7. Since chemiresistive gas sensors are usually based on
semiconductor materials, the eq. 7 generally fits the I-T characteristic of a sensor, however some deviation from eq.
7 could be observed, if other thermally activated mechanisms are involved. A typical example in chemiresistive gas
sensors is the adsorption/desorption of gaseous species on the sensor surface, which is dependent on the temperature.
In this case, the eq. 7 is verified in the range of temperatures for which every surface reaction is negligible. From a
qualitative point of view, the adsorption/desorption modifies the I-T characteristic by displaying the mismatch of the
same obtained by increasing or decreasing the temperature. Indeed, adsorption and desorption usually have different
kinetics, so at fixed rate of temperature increase, a mismatch is observed.
The above mentioned considerations highlight that the I-T characteristic has an important role in understanding
the thermoelectric behavior of a chemiresistive gas sensor and therefore the measuring of its evolution in different
conditions is fundamental. For this reason, the acquisition of the I-T characteristic has been automated as for the I-V
characteristic and it is performed just by setting some parameters (i.e. starting temperature, finishing temperature,
incremental step, number of cycles, delay between sampling).

IV. EXPERIMENTAL MEASUREMENTS

As a case of interest for the validation of the presented instrumentation, an SnOs-based gas sensor was electrically
characterized. The response of the sensor was acquired at different conditions, i.e. applying different polarization
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voltage, working temperature and operational atmosphere. In particular, the sensor performance were studied when
it was exposed to increasing C'O concentrations in dry conditions, with a voltage ranging from —10 to 10 V, at a
temperature ranging from RT to 600 °C. These ranges were chosen both taking into account the characteristics of
the instrument and the limits of the material under test. SnOs is a well-established material for gas detection, so the
goal of these analyses was to replicate the behaviors observed in literature for this sensing material to validate the
entire system [8, 26]. In order to maximize the reliability between different characterizations, all measurements were
carried out using the same sensor. The analyses performed were the following:

A. Monitoring of the sensor signal when exposed to increasing CO concentrations. Current through the sensing
film in place of the standard sensor response is reported in order to highlight the data as acquired from the
instrumentation.

B. The I-V characteristic at different temperatures and CO concentrations.

C. The Arrhenius plot at different polarization voltages and CO concentrations.

A. Direct monitoring of the sensor signal

The current through the sensing layer of the sensor in different conditions was acquired, gradually increasing the
CO concentration from 0 to 100 ppm with steps of 25 ppm. Due to the desorption of chemical species on the SnO-
sensor surface, the signal usually drifts for almost two hours after every modification of working temperature [27].
To avoid this situation, before acquiring any data a stable signal baseline was achieved. Figure 5 shows the current
passing through the sensor at 300 °C at different applied voltages.
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FIG. 5. Current through the SnO sensor at 300 °C exposed to increasing CO concentrations at different applied voltages.

As expected the current increases with the applied voltage, but it is significant to highlight that the noise also
increases with the voltage. In particular, for voltages higher than 6 V', the current is unstable highlighting a possible
modification in the sensing film induced by the measuring potential. Moreover, one can observe that the current
increases with the gas concentration, which corresponds to a decrease of the resistance of the sensing film, as expected
for SnOy sensor exposed to CO atmosphere. Figure 6 shows the current passing through the sensing film at 1 V' at
different working temperatures.
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FIG. 6. Current through the SnO> sensor at 1 V exposed to increasing C'O concentrations at different working temperatures.
The current is displayed as logarithmic scale.

As expected the current increases with the temperature, but it can also be observed that the response pattern and
recovery time change.

B. Current-voltage characterization

The current-voltage characteristic of SnOs sensor was evaluated at different working temperatures and C'O con-
centrations. The characteristic was acquired from —10 to 10 V, both increasing and decreasing the voltage with steps
of 0.1 V and applying a measurements delay of 1 second. In Figure 7 the current-voltage characteristic in dry air (0
ppm CO) at different working temperatures is reported.
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FIG. 7. Current-voltage characteristic in dry air of the SnO> sensor at different working temperatures. At low temperatures
(top) the sensor behaves like a varistor and at high temperatures (bottom) the sensor behaves like a resistor. Dashed curves
on the top are the fit of low temperature characteristics using eq. 6

As expected, at each applied potential the current increases with the temperature, but with temperature also
changes the shape of the curves. In particular, for low temperatures (Figure 7, top) the characteristic is not linear,
but fits with the power law described by eq. 6. Therefore, one can observe that SnO; gas sensors at low working
temperatures behave as varistors, with which they have many constructive similutidines, whereas at higher working
temperature (Figure 7, bottom), they behave like resistors [22, 23, 28]. From an operational point of view, it is very
important to know the voltage for which the I-V characteristic of a sensor deviates from linearity since, in order to
operate in reliable mode, the response of a chemiresistive sensor has to be independent with respect to the applied
potential.

Figure 8 shows the current-voltage characteristic of SnOy sensor at 300 °C exposed to different CO concentrations.
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FIG. 8. Current-voltage characteristic of the SnOz sensor at 300 °C at different CO concentrations.

As previously observed in Figure 5, the current increases with the CO concentration, but in this case the shape of
the I-V characteristic is almost insensitive to the gas exposure.

C. Current-temperature characterization

The current-temperature characterization of SnO5 sensor was evaluated at different applied potentials, and different
CO concentrations. The temperature was varied from 100 to 600°C, both increasing and decreasing the values, with a
rate of 1°C every 10 seconds. Figure 9 shows the Arrhenius plots acquired in dry air (0 ppm CO) at different applied
voltages.

v —
2v
av

0.1k
0.01 |

0.001 |

Current [mA]

0.0001
le-05 |

1le-06 |

1e-07 7\\\\\\\\‘\\\\\\\\\‘\\\\\\\\\‘\\\\\\\ P ST SR Y ST S N
500 400 300 200

Temperature [°C]

FIG. 9. Current-temperature characteristic of the SmO2 sensor in dry air at different applied voltages. The curves are displayed
as Arrhenius plot scaling the y-axis as logarithmic and the x-axis as the inverse of the absolute temperature.

For each applied potential, the current vs. temperature, follows approximately an exponential behavior, as described
by the equation 7. Each curve in Figure 9 is almost parallel to each other, then in the examined range, the activation
energy F, is almost insensitive to the applied voltage with values ranging from 0.6 to 0.8 eV, as reported in previous
studies [29].

Figure 10 shows the current-temperature characteristic at 1 V, at different CO concentrations of SnOs sensor.
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FIG. 10. Current-temperature characteristic of the SnOsz sensor at 1 V at different CO concentrations.

As previously highlighted in Figure 9, each curve appears as parallel straight line, so the activation energy E,

is almost constant also respect to the C'O concentration. An increase in current can be observed with the gas
concentration, as arisen in the previous analysis.
Both in Figure 9 and in Figure 10, it is shown that the heating and cooling process is not completely reversible. In
particular, for temperatures under 400 °C, one can observe an hysteresis that overlaps every curve. This is particularly
important for identifying the best operating temperature of the sensor since, to obtain reproducible measurements,
low hysteresis is mandatory.

V. CONCLUSIONS

In this work, we discussed the development of a complete instrumentation for the electrical and thermal charac-
terization of chemiresistive gas sensors exposed to controlled atmosphere. We presented the hardware that compose
the instrumentation, describing the modules to heat the sensor, to measure the electrical properties and to set the
operating atmosphere. It was also developed a dedicated software, written in Java, to easily acquire every signif-
icant data: voltage drop and current through the sensing film, resistance of the sensing film, temperature of the
sensor, power consumption, atmosphere temperature, and relative humidity. These are necessary to characterize a
chemiresistive gas sensor. Furthermore, it was automated the acquisition of the current-voltage characteristic and the
current-temperature characteristic as a function of the working conditions.

To evaluate the instrumentation, it was reported the characterization of a sensor based on SnOs, exposed to different
concentrations of carbon monoxide diluted in dry air. The results agree with the data reported in literature, showing
a decrease in the resistance of the sensing film associated with the increase of the CO concentration.

The I-V characteristic showed the non linearity of the SnO sensors for temperatures lower than 200 °C, highlighting
the importance of the applied potential for the usage of a chemiresistive gas sensor. Moreover, it was also observed
that the voltage applied to the sensing film changed considerably the sensor performance, decreasing the measure
reliability and accuracy for potentials higher than 6V. Both the measure of the I-V characteristic and the monitor
of the behavior of the sensor at different gas concentrations, proved that the potential applied to the sensing film
has a decisive role in the operation of a chemiresistive gas sensor. Therefore, during the test of new materials, an
instrumentation that allows to tune the applied potential is fundamental.

The measurement of the I-T characteristic for the tested sensor highlighted the typical behavior of an intrinsic semi-
conductor, extrapolating an activation energy F, that ranges from 0.6 eV to 0.8 eV, depending on the measuring
condition, that is comparable with values reported in literature. It was also observed a hysteresis in the passing
current during the heating and cooling process for temperatures lower than 400 °C that is probably correlated with
the absorption/desorption of chemical species from the sensing film.

Both from the measurement of the I-V and the I-T characteristic, it was possible to extract information about the
electrical and the thermal behavior of a sensor, therefore it is emphasized that a systematic measurement of these
quantities is critical in the characterization of new materials for chemiresitive gas sensors and a dedicated instrumen-
tation, as the one presented, becomes necessary. Moreover, the automation of the measurement procedures used to
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monitor the I-V and I-T curves is a key feature for a dedicated instrumentation, since it allows to acquire the evolution
of the properties of a sensor during long periods of time and in different working conditions.

In conclusion, with the presented instrumentation we have described an equipment capable to systematically charac-
terize the operation of a chemiresistive gas sensor in different working conditions and we trust that it will help the
understanding of the working principles of new materials used in gas sensing.

VI. DATA AVAILABILITY

The data that support the findings of this study are available from the corresponding author upon reasonable
request.

Appendix A: Calibration of the heater

Every substrate has an integrated platinum serpentine screen-printed on the rear of the alumina die. The heater

is used both to heat and to measure the temperature of the sensor. The temperature value is derived measuring the
resistance of the serpentine, that can be calibrated as a function of the temperature of the sensor.
In order to ensure that the heating and the cooling are reversible processes, also at very high temperature, the platinum
serpentine is encapsulated in an high temperature resistant ceramic layer. In this way, the calibration of the heater is
almost insensitive with respect to the history of device, since any modification in the heater itself is prevented. The
calibration is made by using the quadratic form of the Callendar—Van Dusen equation, that correlates the resistance
R and the temperature T of a resistance temperature detector (RTD). This relation states that the resistance can be
written as a function of the quantities o and 8 and the resistance at 0 °C:

R(T)=Ry x (1+axT+ B xT? (A1)
and referred to a generic temperature Tj, equation Al can be rewritten as:

(1+axT+pxT?)
Q+axTy+ B xT¢)

R(T) = R(T) x (A2)

60

Heater Resistance [Q]

10 | | | | | | | | |

0 200 400 600 800 1000 1200 1400 1600 1800 2000

Temperature [°C]

FIG. 11. Typical calibration of the platinum sensor heater.

For the sensor substrates used in this work, the calibration curve in Figure 11 was calculated using the estimated
values of o = 0.0032 % and 8= —6.67-1077 022.

To measure the temperature of the device, the heater driver exploits the average effect of the thermal inertia of the
alumina substrate. To estimate the error introduced using this approximation, it was measured the variation of the
resistance during the time required by the system to complete a resistance measurement.
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To measure the resistance of the heater, it was monitored simultaneously the voltage drop on the heater and on
Rpey for the time that the driver was set in measuring mode at a temperature of 450 °C.

From Vjeqter and Viey, it is possible to extrapolate the resistance of the heater instantly using the Ohm’s law:

Vheater X Rref
Rpcater = ——5—

Vis (A3)

31

30.5

30

29.5

29 H

Heater Resistance [Q]

28.5 H

28 ! ! ! ! !
0 10 20 30 40 50 60

Time [ps]

FIG. 12. Resistance of the heater at 450 °C when the heater driver was set in measurement mode (repeated 3 consecutive
times). The resistance was measured sampling with an oscilloscope the voltage drop at the heater and at R_REF (Figure 3).

Figure 12 reports the resistance of the heater during the transient in which the measurement was performed. The
entire measurement takes approximately 60 s, and ignoring the first spike principally due to the switching of the
electronics, during this time the resistance has a maximum variation of 0.1 € that corresponds to a maximum error
in the temperature estimation of 3 °C, that can be further reduced by averaging.

Appendix B: Software implementation

The instrumentation can be controlled by the user with a custom application written in Java. The scheme of the
program is synthesized in Figure 13.

. Run
Main Macro
window
User
settings T
\
Heater Sensor Chamber
Monitor Monitor Monitor
Macros
T A A
Set Send data
power |
Send B
Hardware [*instructions
—————— >

FlowChart.pdf

FIG. 13. Structure of the user interface.
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The application works as a logger that synchronize instructions to send to the device with data acquisition, as
described previously. The software source code is available, both firmware and GUI, at the following link:

e https://github.com/micheledellacianal/LoggerCore/tree/master/LoggerCore/src/main/java/LoggerCore/
Zefiro

e https://github.com/micheledellacianal/LoggerCoreFirm

Appendix C: Comparison with standard instrumentation

To evaluate the measuring circuit described in section 4, the system has been compared with a standard setup used
to characterize semiconductors devices. This setup consists of four Keithley 238 connected to a prober through a
switching matrix Keithley 707, equipped with 7072 and 7174 semiconductor cards. In order to validate the circuit, the
I-V characteristics of eight resistors with values ranging from 102Q to 103 has been recorded using the equipment
cited above as reference. To estimate the agreement between the measurements, the value of the resistance has been
extrapolated by a linear fit on the current-voltage characteristic.

Name Resistance |Resistance |Percent
Measured 2 |Reference Q) |Error %
R1  |129.86 129.18 0.53
R2  [1294.91 1302.82 0.41
R3  [14.960-10% [14.965-10% |0.04
R4 [130.264 - 10°]130.226 - 10%|0.03
R5 [2.0128-10° |2.0154-10° |0.14
R6 |10.067-10° [10054 -10° |0.13
R7 (99.012-10° [99.158-10° |0.15
R8  |474.077-10°]475.250 - 10°|0.25

TABLE I. Resistance values extrapolated from the IV-characteristics reported in Figure 14. The error committed is under the
percent over the entire dynamic range.

In Figure 14 the I-V characteristics acquired with both setups are reported: solid red lines are acquired using the
presented equipment and dashed blue lines are acquired using the certified instrumentation.
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FIG. 14. I-V characteristics of eight resistors: solid red lines are measured with the presented setup and dashed blue lines are
measured with the reference system cited above. Every curves goes from —10 to 10 volts, except for A and B, in order to limit
the maximum voltage through the multiplexer MUX1 in Figure (4).

The measurements show good agreement across the entire dynamic range, and fitted values are comparable under
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one part in a hundred. A little deviation from linearity is measured for the highest resistance with negative applied
voltages.

To evaluate the performance of the measuring setup also in a real use case, the current through an SnO, sensor at 1
V', heated to 300 °C, has been simultaneously recorded using the proposed setup and a Keithley 2400 Source Meter
Unit (SMU) during an injection of 50 ppm of COs in dry air. To perform this measurement, the electrode of the
sensor connected to ground was connected to the SMU through a virtual ground. By doing so, the voltage difference
on the sensor was the same set by the circuit in Figure 4, but the current circulating through the sensor was measured
both by the tested circuit and by the SMU. In Figure 15 are reported the current measured by the system proposed
in this work (Measured) and by the SMU (Reference).

0.0065

0.006 -

0.0055

0.005 |~

0.0045

0.004 -

Current [mA]

0.0035

0.003

0.0025 Measured current ——— _|
Reference current ------
0.002 I |

00:00 00:15 00:30 00:45

Time [h:m]

FIG. 15. Monitor of current through an SnO2 sensor at 1 V, heated to 300 °C, simultaneously recorded using the proposed
setup (solid red line) and a Keithely 2400 (dashed blue line) during an injection of 50 ppm of CO; in dry air. The two curves
are almost superimposed.

The current measured by the system and the current recorded using the SMU are almost superimposed, with an
average relative error of 0.2%.
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