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ABSTRACT

The objective of this paper is to apply a closed-loop control based on dielectric excitation to MOX gas sensors in order
to improve their response time. The control implements a feedback loop in which temperature modulations keep
constant the sensor reactance, measured at constant temperature. The required fast temperature switching has been
implemented on MEMS microhotplates. The mean temperature generated by the control is the new output signal.
This technique is applied to an in-house sensor made of WO3 nanowires decorated with gold nanoparticles to detect
NHs and to a commercial MEMS MOX sensor (CCS801).
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1 INTRODUCTION

Intoday’s world, VOC’s air concentration detectors [1], exhaust gas sensors in the automotive industry [2,3], ammonia
sensors in livestock farms to control animal welfare [4], or selective gas sensors for gas leaks in chemical industries
[5] are some of the applications where gas sensors have a market. For this reason, interest in metal-oxide gas sensors
(MOX) has been increased in recent years [6,7]. Despite the advantages, these sensors may present a lack of
selectivity, large response times and long-term drifts [8]. Dynamic models have been proposed to describe the
transient response using nonlinear methods [9,10]. Some of these works use neural networks [11,12], PCA separation
[13,14], reservoir computing [15], support vector machines [16] or instabilities corrections [17].

Additionally, temperature-cycled operation has been used with MOX gas sensors in order to classify chemical
compounds [18,19]. By generating periodical temperature patterns and analysing the transient responses in the
conductivity of the sensor, the selectivity of the sensor can be improved, such as in the case of the Differential Surface
Reduction (DSR), [18]. Typically, the duration of the temperature cycles goes from some seconds to minutes. The time
response is improved in some cases, since the open loop temperature cycling has been observed to accelerate
transient changes in the conductance of the sensor [20].

Alternatively, it has been proposed to operate sensors under constant surface potential [21-23]. An active discrete-
time control circuit, implementing fast temperature switching, keeps constant the resistivity of the sensing layer,
measured at a reference temperature, at which the system comes back recurrently, during each sampling period. The
temperature of the sensing layer is neither constant, nor periodical. The control adjusts the average temperature of
the temperature waveforms in order to achieve constant surface potential operation (sliding mode control). By
operating the sensor in this way, typically response times are significantly reduced. The same type of operation has
been shown to accelerate the time response in thermal sensors [24].

The objective of this paper now is to explore the possibility of implementing a control feedback loop using the sensor
reactance as the main feedback signal, instead of the resistivity of the sensor. It has very recently demonstrated in
[25] that the open-loop reactance response of MOX sensors is more linear and recovery times can be reduced. Now,
in this paper we will show that sensor reactance can also be used as feedback signal when operating the sensors
under constant surface potential. And that reactance-based closed-loop operation can also be used to improve the
open-loop reactance response of the sensor. Experimental measurements will be presented using a commercial
sensor (CCS801) and another fabricated in-house, made of Au-loaded WO3 nanowires.

2  CLOSED-LOOP CONTROL

The system that has been implemented includes two nested controls. The first one is based on a Wheatstone bridge
with feedback to control the instantaneous temperature of the microhotplate (see Fig. 1). It is a very well-known



circuit that has been used for implementing constant temperature operation in high-bandwidth hotwire
anemometers [26,27]. The circuit is configured to enforce two different temperatures, either Tyigh Or Tiow. The value
of these temperatures can be optimized for each sensor and expected environment. The output voltage of the
operational amplifier dissipates a power on Rheater increasing its temperature until its resistance is equal to the pairing
resistor in the other branch (Riow or Rhign). The digital signal Sel controls the analog multiplexer in order to select any
of the two working temperatures. Since it is an active circuit using feedback in the thermal domain, the response time
of the temperature transitions can be shorter than the value of open-loop thermal constants (typically in the range
5-10 ms for the microhotplates used in this work). Snapshot examples are shown later in this section.
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Fig. 1. Schematic concept of the temperature control circuit. The Sel signal at the input of the analog multiplexor is
used to set one of the two temperatures in the control, and is driven by the digital circuitry to ensure the necessary
fast switching temperature waveforms.

The second nested control is shown in Fig.2. The goal of this control is to keep constant the reactance of the sensing
layer, measured at constant temperature, applying fast temperature switching. This control is achieved by generating
an adequate average temperature in the sensing layer. The novel approach of this paper is that the control is applied
now to the reactance at a certain frequency of the sensing layer impedance, instead of the real part of the impedance
as in previous works [21-23,28].
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Fig. 2. First-order sigma-delta control implementing dielectric excitation. The objective of the control is to enforce a constant
value, Xy, of the reactance of the sensing layer, X om-

The actuation uses a Pulse Width Modulator (PWM) as integrator, providing more quantization steps per sampling
period than a 1-bit sigma-delta. The variable temperature profiles have two different parts. During the first 100 ms
the changes in the average temperature take place. In this time interval, the temperature can be Thigh Or Tiow,
depending on the instantaneous value of the PWM signal generated by the control. The second part, with a duration
of 150 ms, is when the impedance analyser takes the measurements. The temperature profiles for the extreme values
of the PWM signal (0 and 100) can be seen in Fig.3.
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Fig. 3. Temperature waveforms generated by the control for the extreme values of the PWM signal (0 and 100). During the first
time interval, Ts=100 ms, temperature changes as a function of the PWM value. During the second interval, Tm=150 ms,
temperature is kept constant (Thign) and the impedance of the sensing layer is measured.

Thigh and Tow must be chosen in view of the sensing layer sensitivity and the thermal dynamics of the microhotplate,
[28]. Typically, Thigh must be high enough so that the sensor is sensitive to the gas to be detected, while T.ow must be
low in order to appreciably change the average temperature for low PWM values. In any case, the thermal dynamics
of the complete system must be considered because a very large temperature difference may require longer
stabilization times.

Fig.4 shows examples of the transient temperature waveforms obtained with the temperature control circuit, and
one of the sensors used in the experiments (CCS801), for two PWM values: 20 and 100. As it can be observed,
temperature switching between Thigh and Tiow is very fast (< 5 ms). In this case Thigh = 340°C and Tiow =240°C. The power
peaks at the transitions, generated by the large bandwidth temperature control, ensure temperature transitions
smaller than the time constants associated with the sensor MEMS membrane (~10 ms).
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Fig. 4. Examples of temperature switching waveforms obtained with the circuit in Fig. 1. (Left) Instantaneous temperature and
applied power in the case of having a PWM value of 100. (Right) Idem for a PWM value of 20. The power peaks at the transitions
are generated by the circuit in order to guarantee fast switching times (< 5ms). Reactance is measured during the last 150 ms of

the waveform (at high temperature).

The objective of the controls implemented in previous works [21-23,28]., is to accelerate the time response of the
sensor by operating the sensor under constant surface potential. In the case of n-type semiconductors, the
conductance of the sensor, G, is typically modelled as [18,21]:

_aVs
G = Go(T)e k8T

Where G,(T)is a prefactor, kgis the Boltzmann constant, T is the temperature, q is the electron charge and Vis the
potential associated to the energy barrier of the depletion zone near the surface of the semiconductor due to
ionosorption of chemical species. This conductance model is an example of a system presenting fast-slow dynamics.
Rapid temperature switching generates fast redistribution of carriers in the semiconductor, while the time evolution
of the surface potential has much slower dynamics, since it is linked to changes in the ionosorbed species
concentrations, and therefore responds to the average value of the temperature.

The control implements fast temperature switching with two objectives:

- 15t objective: monitor changes in V;, by fast switching to a reference temperature, Ty;g4p, at each sampling
period (T). The feedback signal is therefore G (V;, Thign) (nTs). The dependence with the temperature of
the fast redistribution of carriers in the semiconductor is therefore removed from the feedback signal.

- 2nd objective: implement a PWM control allowing to compensate the slow variations in V; due to changes
in the adsorbed species.

The control keeps constant the conductivity of the sensing layer, measured at constant temperature (Tp;gn), by
adapting the average temperature generated by the PWM signal. This PWM signal, or the average temperature
generated, is the new sensor output. The advantage of using the average temperature as system output is that it is a
physical magnitude. Since the temperature transitions are shorter than 5 ms, the average temperature is calculated
assuming constant temperature profiles during the time intervals corresponding to each Tiow and Thigh values (10 ms
of transient responses over a time slot of 250 ms).



The main contribution in this work is to prove that the same type of active controls can use as feedback signal the
reactance of the sensing layer, instead of the conductance. It has been shown in [21] that reactance measurements
(dielectric excitation) can increase linearity and reduce recovery time.

3 SENSOR DESCRIPTION

The experiments done in this work are made with two different MOX sensors, to test the new control technology for
different gases. The first one is the CCS801, currently fabricated by ScioSense [29], and uses a MEMS membrane to
support and heat the sensing layer. This sensor can detect a wide range of volatile organic compounds (VOCs) such
as ethanol or carbon monoxide. The second sensor is also based on a MEMS micro-hotplate. In this case, the micro-
hotplates were implemented in double side polished p-type <100> Si substrates (300 um in thickness). They were
designed and fabricated at IMB-CNM-CSIC, following different microfabrication steps including implantation,
photolithography, metallization, lift-off and rear side etching of the substrate to define the membranes [30]. Mounted
MEMS were placed into an AACVD cold-wall reactor and the heating elements of the membranes were connected to
a power supply, so membranes were kept a temperature of 400°C during the whole synthesis process. Tungsten
hexacarbonyl (W(CO)g) 97% purity and hydrogen tetrachloroaurate (HAuCls - 3H20) 99.9% purity from Sigma-Aldrich
were used for obtaining a film of randomly oriented tungsten oxide nanowires loaded with Au nanoparticles on the
heated membranes in a single step. At first, 50 mg W(CO)s and 2.5 mg of HAuCl, - 3H20 are dissolved in an
acetone:methanol (ratio 3:1) mixture. This solution is placed under ultra-sonication to form an aerosol, which is input
to the reactor chamber using a 0.5 L/min nitrogen flow. More details on this vapour-solid growth can be found
elsewhere [31-32]. Full details on the morphology and chemical composition of the Au-loaded WO3 nanowire films
can be found in [32].

4  EXPERIMENTAL RESULTS

The measurement setup described in Fig. 5 has been used. The gas sensor is placed inside an airtight chamber. Mass
flow controllers (MFC) keep a constant flow of maximum 300 mL/min inside the chamber. The gases used are: zero-
grade dry air and ethanol (C;HsOH) balanced in dry air for the experiments conducted using the CCS801 sensors; and
zero-grade dry air and ammonia balanced in dry air (NH4) for measurements involving the Au nanoparticle loaded
WOssensor. The chamber has a dead volume of 4 mL and an exhaust hole to ensure the renovation of the gas flow.
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Fig. 5. Description of the experimental setup.

The sensing layer impedance of the sensor is acquired with an impedance analyzer Keysight E4980A. This instrument
sends the information to the PC and the data is processed in real-time. The program takes a control decision and
sends it to a STM32F303RE microcontroller, which generates the required temperature waveform signals to the
temperature control circuit in Fig. 1.



4.1 First sensor: CCS801

To characterize the CCS801 sensor, a frequency sweep experiment was carried out for different gas concentrations
of ethanol (see Fig.6). As it can be seen, the sensor is sensitive to changes in gas concentration both in the real part
(resistance) and imaginary part (reactance) of the sensor.

60

50 [ e ;

_ | === 0ppm ethanol
s 2ppm ethanol
Sppm ethanol | _
10ppm ethanol
20ppm ethanol |
w4 0ppm ethanol

30 fmmmmmm b

X [K€]
. & .
T

Resistance [K{]

20

f
i
i
40 - i :
L
i

freq (Hz) freq (Hz)

Fig. 6. CCS801 frequency sweep for different ethanol concentrations. Resistance (left) and reactance response (right).

An experiment was performed to compare the sensor response under closed-loop and open-loop configurations, in
both cases using the reactance of the sensor measured at 30kHz. Fig.7 (left) shows the open-loop reactance response
at constant temperature of 200°C, to 0.25 ppm and 0.5 ppm of ethanol. Between both concentrations, the system
was exposed to dry air to observe baseline recovery time. The same experiment is replicated in Fig.7 (right), but this
time applying the reactance-based closed-loop control described in the previous section (Thigh=200°C and Tiow=150°C).
The output of Fig.7 (right) is the mean temperature applied to the sensing layer during the first 100 ms of the
temperature waveform (when temperature changes are made).

In both experiments, the measurement frequency, 30 kHz, was chosen in order to have a good stability of the control.
Frequencies near 100 kHz could generate saturation events when exposed to changes in gas concentration, and in
the low frequency range, the control output was noisy since the system is not very sensitive to different gas
concentrations. A guideline on how to set up the control parameters in these types of controls can be found in [28].
One important parameter is the target value of the control, which is typically set to avoid saturation events and also
taking into account whether the atmosphere will present reducing or oxidizing gases (the control increases the output
average temperature if an n-type semiconductor is exposed to reducing agents, while the opposite behavior is shown
in case of oxidizing gases), [33].

Two improvements can be seen by comparing the results of the two figures. The first one is related to the removal of
the drift. While there is an ascendant trend in the open-loop measurement throughout the experiments, this effect
is mitigated by using the closed-loop control. The other improvement is the baseline recovery time, which is one of
the main issues of the resistance controls seen in other works. The recovery time when the closed-loop control is
used is reduced to 5 minutes, which compares favorably to a recovery time that well exceeds 10 minutes for the
sensor operated under open-loop conditions. The complete recovery of the baseline under closed-loop conditions
explains why the drift is removed. The rise and fall time constants in open-loop configuration are 41.11 s and 213.97
s respectively, while working in closed loop are 41.4 s and 34.1 s (one exponential model in all cases).
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Fig. 7. Comparison between open-loop (right) and closed-loop (left) measurements for CCS801 sensor at f=30 kHz. Experiment
made with ethanol balanced in dry air. The time constants associated with the rise and fall times have been added to the graph
(obtained by fitting from the red and blue parts of the curves).

The behaviour of the sensors working under closed-loop control is generally complex. It can be seen in Fig. 7 that the
linearity of the sensor has improved, compared with open-loop reactance-based measurements. On the other hand,
the selection of the operating temperatures Tiow and Thigh, determines the limits on the gas concentrations changes
not triggering saturation events. Open loop characterization may be used for adequate parameter selection in these
controls [28]. On the other hand, the requirements for sensor electronics are generally more demanding. For
example, even though sigma-delta modulation generates a zero in the quantization noise at zero frequency, it can be
seen in Fig. 7 (right) that the signal is noisier. In this case, this effect has been caused by the need of a long measuring
time for the reactance of the layer (larger ‘chattering’ amplitude) and it is not intrinsic to the controls. As an example,
it has been possible to obtain closed-loop responses with very little noise, as shown in [28]. Additionally, there are
100 quantization levels produced by the PWM signal, at an output rate of 4Hz. Since the real bandwidth of the sensor
is well below this sampling frequency, by simply averaging 10 consecutive samples, for example, it is possible to obtain
1000 quantization levels, at a 0.25Hz rate. This approach has been adopted in the measurements shown in this work,
and it is typically used in oversampled converters such as sigma-delta modulators.

Finally, another experiment with a higher flow, 300mL/min, has been made. The result can be seen in Fig. 8, in which
the open-loop and closed-loop responses of the sensor can be seen under these new conditions. This experiment
consists of 1-hour steps applying zero-grade dry air and 1-hour applying different concentrations of ethanol balanced
in dry air. In this case, the temperatures used have been Thigh=340°C and T ow=240°C. As it can be seen the time
response of the sensor has been improved. The baseline recovery time has been drastically reduced when the control
is applied. Using a larger flow (300mL/min), therefore, did not have any significant impact on the results.
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Fig. 8. Comparison between open-loop (left) and closed-loop (right) measurements for CCS801 sensor at f=30 kHz with 300mL/min
of gas flow. Experiment made with different ethanol balanced in dry air concentrations.

4.2 Second sensor: in-house Au-WO3; sensor

In this section, the sensing layer is made of WO3 nanowires loaded with Au nanoparticles. This sensor has been
designed to be sensitive to NHs. A first experiment was performed with the sensor working at a constant temperature
Thigh=3002C in an open-loop configuration (Fig. 9). As it had been done with the CCS801 sensor, a frequency sweep
experiment was carried out to see the sensing layer impedance variations due to changes in ammonia concentration.
As in all the other experiments done, the flow was kept constant at 100 mL/min. The results obtained show that the
sensor is sensitive to ammonia concentration changes. Both real part of the sensor impedance (resistance) and
imaginary part (reactance) change when the sensor is exposed to different concentrations of ammonia. The range of
frequencies where the sensor is more sensitive is between 10 kHz and 100 kHz.



N R remyts i\ WA IS | !
I
|
|

Oppm NH3

2 i
8 4 NH3 .._._.J_ SRR N . W N S R ——
___________________________________________ ppm i
E 400 1 2ppm NH3 i
@ i — dppm NH3 i i
i i i 8ppm NH3 i
r 20— —— = T ........ i . B . B ; ! |
P 0 W | soofmms i S 1 R L), Wy JEWES i INENCREE
! I i i
1] S R il 1 i i i i
10' 10% 10° 10* 10° 10° 104 10° 108 107
freq (Hz) freq (Hz)

Fig. 9. URV sensor frequency sweep for different NHs concentrations. Resistance (left) and reactance response (right).

Fig. 10 shows the behavior over time of the sensor. Two cycles consisting of 1-hour exposure to 1 ppm of ammonia
followed by 1-hour recovery in pure dry air were applied. At the beginning of the experiment, the sensor was
stabilized for 1-hour under dry air. In all experiments, a frequency of 30 kHz and a voltage of 4V AC were applied.
Fig.10 (left) shows the performance of the open-loop operation and Fig.10 (right) shows the closed-loop control
response. In this case, the temperatures chosen are Thigh=3002c and T ,w=2002C. Comparing the results, it can be seen
that the drift and recovery times are improved by applying the proposed control.
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Fig. 10. Comparison between open-loop (left) and closed-loop (right) measurements for URV sensor at f=30kHz. Experiment made
with ammonia balanced in dry air. The black line placed on the two graphs shows the drift correction.

Another improvement can be observed, as illustrated in Fig. 11. The time needed to reach the steady-state plateau of
ammonia response is reduced. While the time needed under closed-loop control is about 5 minutes, for the open-
loop operation, the sensor has not yet reached the steady-state after 10 minutes. This result is comparable to the one
achieved for the commercial sensor and indicates that the closed-loop control improves response and recovery
dynamics and thus, improves response stability. The rise time constants in open-loop and closed-loop configurations
are 95.15 s and 46.05 s, respectively (one exponential model).

The measurements in Fig. 10 reflect the fact the MOX gas sensors generally present complex and long-term memory
effects (such as drifts). Fig. 10 (left) may be showing a mixture of drift and exponential responses. In any case, MOX
gas sensors generally present complex and long-term memory effects (such as drifts). An example of complex
behavior, for example, can be found in Fig. 10 (right), where the sensor response to the first gas concentration pulse
is slightly different to the second one. Additionally, another effect is that depending on the internal mechanisms
driving conductance changes in the sensing layer, the response time reduction may differ from one sensor to another.
For example, the response time reduction has been more noticeable in the case of the first sensor. This effect has
been observed in thermal sensors: two 3D thermal anemometers presenting similar open-loop responses may
present radically different response times while working under closed loop [24]. By analyzing the internal thermal
signatures and applying sliding mode control theory, it has been possible to explain and model the different behavior.
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Fig. 11. Zoom on the second rise transition of fig.8. Comparison between open-loop (left) and closed-loop (right) measurements
for URV sensor at f=30kHz. The rising time constants (for a one exponential model) have been added to the plot.

Discussion: The use of the reactance of the sensor as proposed in [25] has been shown to improve linearity and
reduction of the recovery times, as compared with the typical conductance measurements. In this work we have
applied for the first time closed loop control techniques using the reactance of the layer, measured at constant
temperature, as feedback signal. The main advantage observed is the reduction of the response time and the recovery
time. In this and the previous works it has generally been observed that the time response is always reduced, as
compared with operating the sensor in open-loop configuration.

5 CONCLUSIONS

The results of applying temperature control to the imaginary part of the sensing layer impedance have been shown.
This technique has been applied to both a commercial MEMS MOX sensor (the CCS801) and to an in-house developed
MOX MEMS sensors (the sensitive film consists of W03 nanoneedles functionalized with Au nanoparticles). This results
in a clear improvement in sensor dynamics as response and recovery times are shortened by a factor higher than 2
(in case of the commercial sensor, recovery time is reduced by a factor of 6). Improved dynamics help to virtually
eliminate response drift. To the best knowledge of the authors, this is the first time that a control based on dielectric
excitation is applied to MOX gas sensors.
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