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Abstract

In this study a gas detection microfluidic system was realized. Firstly, microfluidic and thermal simulations were done to
determine the microsystem dimensions. Heat distribution was then simulated. These results allowed us the best material choices
suited for the application. The microsystem has been realized with conventional microelectronic processes and was characterized
to evaluate the heater thermal stability and the temperature gradient inside the microsystem. Finally, the gas sensor is exposed to
ammonia concentrations between 10 and 100 ppm at 473 K.
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1. Introduction

Gas microsensor stability, such as selectivity and sensitivity, is one of the most studied properties [1, 2]. In fact,
the gas sensor performances were monitored by these points. The pollutant analyses happen generally in a real
atmosphere where it is often difficult to keep constant ambient gas parameters, such as temperature, volume and
flow rate. But, these parameters must be controlled to obtain a reproducible analysis in different environmental
conditions [3]. The sensor containment into microchannel allows us to improve the microsensor properties. The
sensor heating needed for its performance may be used for the gas pumping inside microchannel.

The present study aims to fixe these parameters with a minimal space and energy. The microsystem design was
studied to determine the better dimensions. Then the thermal repartition was simulated and measured after the
microsystem fabrication. Detection tests were also performed to evaluate the detection performances of the gas
microsensor used into the microsystem. Moreover, our microsystem may be use for several applications which
demand a stable flow and a low electric consumption.

2. Microsystem design

In order to obtain the sensor function stability, a gas microsensor based WO; and its heater were inserted at an
open end of the microchannel. The microsensor heating is needed to the gas detection since the sensitive layer is a
metal oxide [4]. The thermal gradient along the microchannel created by this heating is used also for the gas
transport inside the channel. The gas motion due to the thermal gradient is called thermal creep phenomenon.

To study the thermal pumping behaviour (thermal creep) several simulations were realised. The simulations will
allow us to choose the microsystem dimensions and the nature of the materials used. In fact these materials affect
the temperature gradient along the microchannel which is very important for the thermal pumping generation.
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Fig. 1: (a) Microfluidic device design; (b) Thermal simulation of heat gradient in the microsystem for heater at 623 K:
representation of heat range between 546 K and 570 K.
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The thermal creep phenomenon was discovered by O. Reynolds in 1879. When two vessels, maintained by the equal
pressures and different temperatures, are connected by a small channel, the gas inside this channel starts to creep
from the cold side to the hot one (Fig. 1a). This effect becomes more important when the ratio between the
molecular mean free path and the characteristic flow dimension increases. This non-dimensional ratio is called
Knudsen number:
Kn="2. O

L
where 4 is the molecular mean free path and L is the characteristic flow dimension.

When we analyze the flow in the microchannel, the smallest of the three dimensions, the channel height H is chosen
as a characteristic one. The mean free path of the molecule depends on the gas nature (via molecular mass), gas
pressure, temperature and viscosity. We suppose that the sensor will work under atmospheric conditions, so for air
(20 % O, and 80 % N,) at room temperature the mean free path is of order of 107 — 10® m. If the channel height is
chosen equal to 10 pm, the Knudsen number will be of order of 10~ — 107 [5]. This Knudsen number corresponds to
the slip flow regime and the thermal creep phenomenon becomes apparent.
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The numerical simulations of the thermal creep flow was carried out in the slip regime basing on the Navier-Stokes
equation [6] and over all flow regimes basing on the model kinetic equation in [7].

The microchannel width was determined to be equal to 500 um to insert the microsensors inside the microchannel
extremity. The length choice was relied to the temperature gradient desired value and the flow rate estimation.

From this analysis and the numerical simulation results, we can estimate the mass flow rate of the thermal gradient
driven flow through the rectangular channel of 10 um height, of 500 um width and of lcm length as 3 10"?kg.s™.
The dimensions were chosen to the microsystem fabrication but the temperature gradient is also an indispensable
condition to the thermal pumping generation. To determine its profile, it had been thermally simulated using Comsol
Multiphysics software to define the material best choices. They affect the heat distribution in the microsystem and
particularly into the microchannel where the thermal creep phenomenon must be created.

Two materials were tested. The silicon which is well known in microelectronic technology and easily etched, and
the Pyrex. Simulations results showed better Pyrex properties compared to silicon ones. Pyrex is the most
advantageous material for the support fabrication due to its low thermal conductivity. However, the silicon was
chosen for the microchannel fabrication because it can be more easily etched. Simulations indicated that a
temperature gradient of 77 K can be created by fixing the heater at 623 K (Fig. 1b). This value is sufficient to create
a pumping generation.

3. Microsystem realization and heater calibration

After these theoretical studies, the microsystem was fabricated using standard microelectronic technologies
(Fig. 2). Then, heater sensor was calibrated in a thermostated chamber. The resistance value evolution is linear
(Fig. 3). Thanks to this calibration curve where the temperature values obtained during the heating can be known
from the resistance measurements.
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Fig. 2: Final microsystem device Fig. 3: Micro heater calibration

4. Temperature gradient measurement

To valid our thermal simulation results show on Fig. 1b, temperature measurements were done on both two
microchannel extremities. The first platinum resistance was powered and the opposed resistance was used like a
temperature probe. The resistance variations in function of the power were noted. The differences between the
resistance values of the two platinum resistances demonstrated a temperature gradient along the microsystem. To
confirm and precise these results, temperature measurements along the microchannel with an Infrared camera were
done. Infra Red results gave a temperature profile which is in good agreement with the profile found from the
thermal simulations.

5. Microsystem response in presence of ammonia gas

Measurement and control systems for pollutant and toxic gas emissions gain increasing importance for a
sustainable and ecologically responsible development. We have chosen ammonia (NH;) gas detection, because it is
one of the most important industrial chemicals, used as precursor of various nitrogen compounds (including
fertilizers) and as refrigerant gas. As a consequence of its large toxicity, the acceptable ammonia concentration at
the working place is 25 ppm for 8 hours exposure. A relevant ammonia chemical gas sensor must therefore detect
ammonia concentrations below these thresholds. Gas detection was study first with the gas sensor alone, i.e. without
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closing the microchannel. Working temperature was determined to obtain a good sensitivity and fast response. The
gas sensor response presents an optimum detection temperature at 473 K. The microsystem is exposed to ammonia
concentrations between 10 and 100 ppm. Figure 4a represents the normalized sensor response at different ammonia
concentrations. The normalized response Ry/R, is defined as the sensor resistance ratio at various ammonia
concentrations (R,) to that in synthetic air (Ry). The sensor response even at the lowest concentration of 25 ppm
ammonia is well pronounced [1, 2]. NH; detection below this threshold corresponds to the maximum level
authorized at the working place and a valuable ammonia sensor must clearly detect partial pressures significantly
below that point. We observe on Fig. 4b a sensor resistance decrease in presence of ammonia. The changes upon gas
exposure are reversible and reproducible to the ammonia concentration.
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Fig. 4: Gas detection without closing the microchannel: (a) Normalized response sensor with different NH3 concentrations: 10, 25,
50 and 100 ppm.; (b) Sensor response reproducibility to 50 ppm of ammonia at 473K.

6. Conclusion

The microfluidic and thermal studies allowed us to choose dimensions and materials for the microsystem
fabrication. The heater calibration showed thermal stability. The thermal measurements confirmed the temperature
gradient existence and therefore the thermal creep phenomenon. The gas detection tests indicated that the gas
microsensor presents an important normalized response for the ammoniac detection and also a good reproducibility.
Next studies will be dedicated to signal detection for lower gas concentrations and thermal pumping will be
analyzed through microfluidic and gas detection.
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