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Abstract

In this work we present the analysis of gas sensors working in modulated temperature mode with temperature varying
according to exponential law. We integrate conductometric gas sensor based on semiconducting metal oxide layers
and an ad-hoc developed electronics to present a sensing system based on a single sensor featuring a degree of
selectivity arising from the exploitation of response dynamics features. In particular, a set of parameters is used to
summarize the deviation of the response shape from the single exponential law.
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1. Introduction

Measurements protocols using temperature profiles [1] are attractive because of the large amount of
information (features) they allow to extract, compared with isothermal protocols. From a chemical-
physical point of view, a larger information arises because of the different thermodynamic conditions
explored in temperature cycles. At the same time, the full exploitation of these protocols requires the use
of control electronics featuring the capability to work with a fast clock and read the sensor conductance
through the wide range that would be spanned during temperature cycles. Despite commercial solutions
exist, their high cost makes the sensing system (sensor and control/readout electronics) quite expensive,
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in contrast with the philosophy underlying sensor development. To this aim, the authors developed a
cheap readout electronics suitable to perform fast measurements (10 ms) over a wide range of values (10
pS - 100 puS), [2]. In a previous work, we used a first prototype of the system to control an array of four
metal oxide (MOX) based chemiresistors to measure their static response and exploit the selectivity of the
array to discriminate key-aromas developed during bread baking [3]. The electronic system has been
further developed to control the sensor temperature in order to develop an autonomous device (sensor and
electronics) fulfilling the requirements of reduced cost, fast readings, wide range of measurable
conductance. In this work, we use this system to analyze the dynamic response of a WOs-based gas
sensor exposed to different concentrations of ethanol and methane in different humidity conditions. The
use of temperature protocols allows obtaining different features summarizing the static and dynamic
response of the device to the different test-atmospheres.

2. Experimental

An ad-hoc electronic circuit has been designed for the complete and flexible management of resistive
chemical sensors, such as metal oxide devices. Fig. 1 (a) shows the front-end used for the estimation of
the sensor parameters; in particular the system is capable to estimate the sensor conductance Gy as well as
a parasitic capacitance Cs, modeled in parallel with Gs. It is based on a conductance-to-time conversion
(CTC) scheme, which allows a wide range of conductances to be estimated without using scale factors. To
obtain a short measuring time (10 ms), an interpolation method, by means of the least means square
algorithm, is used whenever the CTC approach requires a longer time to be accomplished [2].

Fig.1 (b) shows the block scheme of the complete system, detailing the stage devoted to the thermal
management of the sensor [4]. The sensor heater is driven by a user-programmable voltage Vi, furnished
by means of a digital to analog (D/A) converter followed by a current boost. The current [, flowing
through the sensor heater is estimated by means of the voltage drop Vg, on the shunt resistor Ry,, and then
acquired by means of an analog to digital (A/D) converter. Thus, the actual heater voltage V', can be easily
computed and, together with the estimated value of [;,, allows both the heater resistance Ry and the heater
power Py to be reckoned. Every measuring cycle (10 ms), a new value of V;, can be provided and a new
estimation of the heater parameters is carried out, in a synchronous way with Gs and Cs estimations. Thus,
it is possible to apply various thermal profiles and to finely track both the sensor and the heater behavior.

Finally, collected data are sent every cycle via a serial link to a PC, where a human interface
application in LabVIEW environment allows the user to set the measurement parameters, to create the
desire thermal profile and to save the sensor data for off-line analysis.
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Fig. 1: (a) scheme of the sensor interface; (b) scheme of the complete system, with a detail of the sensor heater management stage.
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The WO; layer used as sensing element has been prepared over a 2 mm x 2mm x 0.25 mm alumina
substrate by a modified thermal evaporation method detailed in [S]. Interdigitated electrical contacts
spaced by 200 um were deposited by Sputtering DC over the oxide layer. The device was provided by a
Pt meander (deposited by Sputtering DC) acting both as heating element and temperature probe on the
substrate back side.

Measurements were carried out by flow through method working with a constant flow of 300 sccm in
a thermostatic sealed chamber at room pressure under controlled humidity conditions (RH=0-50% @
20°C). Controlled gas mixtures were obtained by using mass flow controllers mixing flows from certified
bottles.

3. Results and Discussion

The response dynamics of the WO; sensor working in temperature-modulated mode during the
exposure to different atmospheres are compared in Fig. 2 (a).
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Fig. 2: (a) conductance dynamics of the sensing layer (Gs) exposed to different gases and concentrations in a dry air background; (b)
time dependence of the heating element resistance (Ry); (¢) sensing element conductance normalized according to Eq. (1), Gs*
extrapolated from the (first) heating cycle of (a); (d) zoom over the initial stage of the (c)-plot, showing the time constant of the
initial stage of Gs.

The observed dynamics arise both from a direct conductance modulation induced by the temperature
profile of the device as well as from the temperature-dependent interactions occurring among the
semiconducting WOs5 layer and the gaseous environment. In particular, the adopted temperature-protocol
consists of a voltage square-wave applied to the heating element. This induces a sequence of exponential
rise and decay of the device temperature in the range from 200 to 400 °C. The device temperature is
tracked by measuring the heating element resistance (Ry, Fig. 2(b)), whose value is proportional to its
temperature. The time dependence of the temperature has been found to behave according to a single
exponential (time-constant) law, so that, in a vertical log scale (Fig. 2 (d)), the normalized heater
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resistance Ry* calculated according to Eq. (1), is linear:

. . Ry,—R,(t) _
R, =R, —(Ry;—Ry,)e"™ R, (t)=—"L L=
. " ( " H'O) n () RH.f — Ry, ()
where 0 and f'subscripts stand for initial and final respectively.

Independently of the surrounding atmosphere, time constants of 2.1 s and 2.9 s have been extrapolated
for the heating and cooling cycles respectively,

The shape of the sensing layer conductance Gs rise and fall during the heating and cooling cycles is
analyzed through a normalized conductance, Gs*, calculated according to Eq. (1). Gs* allows to analyze
the response dynamics according to their deviation from the single exponential law. According to Fig. 2
(c), deviations are observed for all the tested gases and concentrations, but ethanol, with Gg* reaching its
minimum before the end of the heating (cooling) cycle. Ethanol, differently, induces a peculiar response
shape quite close to the basic model depicted in Eq (1) for most of the cycle.

The shape of Gs* can be summarized through a set of parameters such as: the time constant that can be
extrapolated from the initial stage of heating/cooling cycles (7o), the time and value of the Gs* minimum
(tmin and Gsmin*). In the case of ethanol, 7, coincides with the end of the cycle and Ggpin* is null
(according to the definition provided by Eq (1)).

The approach provides a set of parameters featuring a marked analyte dependence (and a weak
concentration dependence) that can be coupled with typical response amplitude parameters (e.g. AGs),
which exhibit enhanced concentration dependence, but a reduced analyte dependence. For example,
during the sensor exposure to the air background, T, extrapolated during the warming cycle ranges from
20 to 25 s, depending on relative humidity (0-50%), while, in presence of ethanol, the same parameter
ranges between 5 and 15 s (whichever the RH value, 0-50%), providing a useful parameter to separate
ethanol from the humidity background.
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