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Our research work aims to develop a microfluidic system for gas analysis by using an original principle of
integrated pumping. This microsystem can detect ammonia and the gas flow parameters inside the chan-
nel can be also controlled. The proposed microdevice consists in a microchannel including an integrated
gas sensor with a heater. The trioxide tungsten (WO3) is implemented as a sensitive layer. The integrated
heater is used for two reasons: to optimize the sensor response and to induce the gas pumping inside
the microchannel by thermal creep phenomenon, therefore, no external pumping system is required.

g‘;ﬁ";’s;‘;ﬁr The study of the pumping effect generation has been realized by thermal and microfluidic simulations.
Gas pumping Thermal simulations have been performed to estimate the thermal gradient along the microchannel.
Thermal creep In addition, the microfluidic modeling allows us to determine the mass flow rate for different ther-
Microfluidic mal gradient profiles, obtained from the thermal simulations. Finally, a complete Pyrex microsystem

Gas detection has been realized to detect ammonia. The existence of the thermal pumping has been demonstrated

WO3 experimentally.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

All control laboratories manipulate constantly standard gas ana-
lyzers for the atmospheric pollutant controls. These devices are
precise to determine the concentration and the nature of gas sam-
ples, but they are bulky, slow, and very expensive. The development
of microfluidic systems could be the solution to avoid the standard
analyzer disadvantages.

Several devices are developed to improve the sensitivity of the
microsystems for gas analysis. The authors of Ref. [1] have devel-
oped new chromatographic microcolumns which lead to enhance
the selectivity including VOC (volatile organic compounds) sep-
aration [1-3]. Many researches on preconcentrator realization
allow improving the sensitivity by increasing the gas concentration
before detection [1,4,5]. Other researchers [5-7] use microreactors
to modify the gas nature in order to increase the detection sen-
sitivity. But all these systems need sampling or external pump to
analyze gas.

Our work targets to develop and to test new microdevice for gas
detection with an integrated pumping system to sample a pollutant
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before detection. This microsystem is composed of a metal oxide
base sensor, which includes a platinum heater. This heater is used
for two reasons: to optimize the sensor response and to create
a temperature gradient along the channel surface and therefore
the thermal creep phenomenon. The presence of the temperature
gradient along the channel’s surface launches the macroscopic gas
movement inside microchannel, from the cold side to the hot side.

In this paper, we present the thermal creep phenomenon. This
phenomenon has some technological applications such as a new
pump without any moving parts [6], or gas separation process in gas
chromatography [7]. Then, we justify the choice of the microsys-
tem’s dimensions and the values of applied temperature gradient
along their surfaces for gas transport inside the microsystem. Next,
through the thermal simulation the best channel material is deter-
mined in order to assure the large enough temperature gradient
along the channel’s walls. The microfluidic simulation allows us to
determine the mass flow rates through the microsystem. Finally,
the details of the fabrication steps are given and the experimental
results for ammonia detection are discussed.

2. Microfluidic model study
2.1. Thermal creep phenomenon

Reynolds has discovered the thermal creep phenomenon in
1878 showing the macroscopic movement of rarefied gas from the
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Fig. 1. Thermal creep principle.

lower to the higher temperature zone. Indeed, when two reservoirs
connected by a microchannel are maintained continuously at dif-
ferent temperatures and at the same pressure, a gas flows from the
cold to the hot reservoirs (Fig. 1). The gas rarefaction is character-
ized usually by the ratio between a molecular mean free path and
a characteristic scale of the problem:; this ratio is called the Knud-
sen number. A characteristic dimension of a microdevice is of the
order of several micrometers, therefore a gas inside is rarefied (the
Knudsen number is larger than 0.01) even at atmospheric pres-
sure. In presence of a thermal gradient inside the microdevices a
gas displacement can be obtained in the gradient direction.

Recently, the mass flow rate through a micro-tube generated by
the temperature gradient was measured in [8,9] for several gases
and various temperature differences. It was shown that the mass
flow rate induced by the temperature gradient is proportional to the
temperature gradient intensity. This mass flow rate depends also on
the gas rarefaction, characterized by the Knudsen number, and so
proportional to the characteristic scale of the problem. Therefore it
is possible to adjust and to control the mass flow rate by modifying
the thermal gradient intensity along the channel’s surface or the
geometrical characteristics of the microdevice.

In the present study we use the thermal creep phenomenon
to obtain the gas flow through a microchannel, where a sensor is
integrated. Two open ends of the microchannel are maintained nat-
urally at the atmospheric pressure and a heater integrated in one of
channel’s surfaces provides the temperature gradient. This heater
is also used to increase the detection response performance.

2.2. Model

Our microsystem is composed of two parts: a support (A) and a
cover (B) (Fig. 2). The support contains the platinum electrodes for
electrical measurements, the metal oxide sensitive film (WOs3) and
the platinum resistive heater device. The microchannel has a rect-
angular cross section with height h and width [, the microchannel
length is equal to L, represented in Fig. 2. The cover contains the
etched microchannel in which the sensor is inserted.

hI \\DI .

Fig. 2. Microsystem description: support with microsensor (A) and cover with the
microchannel (B).

The sensor required to be heated for its detection performance.
This sensor heating is also used to create the high thermal gradient
inside the microchannel, which is essential for the gas pumping.
In order to obtain this thermal creep phenomenon the control of
two parameters are required: the gas flow regime inside the chan-
nel (slip regime) and the temperature difference between the two
channels ends [10].

The slip regime corresponds to a Knudsen number between 103
and 101, As it was explained in Section 2.1, in order to obtain
the slip flow regime [10] inside the channel under atmospheric
conditions, the channel height (characteristic scale of our case)
was chosen to be equal to 10 wm. The microchannel width was
chosen to be equal to 500 wm to insert the microsensors inside
the microchannel extremity. The length choice was linked both
to the value of the temperature gradient wished and to the flow
rate estimation. All these dimensions are chosen to obtain the best
microsystem performances [11].

2.3. Thermal gradient simulations

Comsol Multiphysics software is used to determine the temper-
ature gradient profile along the microchannel (Fig. 3) and it allows
us to choose the best (in view of thermal properties) material for
the substrate and for the cover.

We tested two materials with different thermal properties (sil-
icon and Pyrex, compatibles with microtechnology processes). A
geometric model (Fig. 3) was drawn from the previously chosen
dimensions. The substrate was defined as a simple block of 700 pum
thickness including the platinum heater. The electrical and thermal
parameters, used to create this new sensor model, are more reli-
able and improve our previous model [11] where these parameters
have not been adjusted by the simulations.

Cover (silicon or pyrex): microchannel + electrical contact windows

Support: microsensor

Fig. 3. Our microsystem simulated by Comsol Multiphysics software: axe X and
direction of the thermal gradient.
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Table 1

Standard and measured thermal and electrical conductivities of platinum, at different temperatures.

Electrical conductivity (Sm)
Thin platinum film (experimental values)

Thermal conductivity (WmK-!)
Thin platinum film (experimental values)

T(K) Thermal conductivity (WmK-!)

Platinum bulk
293 715 3.84 x 106
373 715 3.29 x 106
473 72 2.78 x 106
573 72.8 2.41 x 106
673 73.8 2.26 x 106

27.5
30.0
32.2
339
35.1

In our present sensor model the heater is a thin film of platinum.
The setting its thermal properties is one of the most important
steps. The principal properties, which characterize the platinum
layer, are the electric conductivity (o) and the thermal conductivity
(A). These parameters are related through the Wiedemann-Franz
equation (Eq. (1)):

o 3
where A is the thermal conductivity, o is the electric conductivity,
kg is the Boltzmann constant, e is the elementary electron charge
and / is the Lorentz number (Eq. (2)):

21,2
;=K 545 108wk )

3e2
The platinum layer was deposited by magnetron sputtering to
obtain a thickness of 80 nm. Previous tests allowed us to deter-
mine experimentally the electric conductivity value of the platinum
layer depending of the temperature [12]. The corresponding ther-
mal conductivity values are calculated from these experimental
results on the electric conductivity using Eq. (1). These values, used
for the platinum heater model, are presented in Table 1 for vari-
ous temperatures [13]. The difference between the bulk thermal
conductivity values and our results is explained by the fact that we
work with thin Pt films. The experimental data on the thermal con-
ductivity of the platinum layer are used to simulate the thermal
behaviors of the microsystem.

We studied the effect of the material properties for the sen-
sor’s support and then for the cover of the microsystem model
using Comsol Multiphysics software. The first material studied
was the silicon, which presents an important thermal conductiv-
ity (82.3WmK-1 at 473 K). The second one was the Pyrex, which
has a low thermal conductivity (1.4WmK-! at 473 K). In the first
case these simulation results highlight that the high silicon ther-
mal conductivity induced too important thermal losses to obtain a
sufficient temperature gradient for all tested temperatures. In the
second case, an important temperature gradient along the Pyrex
substrate can be obtained. Thus, Pyrex was chosen to the microsen-
sor support [11].

We also used Comsol Multiphysics software to determine the
cover material: Pyrex or silicon. The complete geometry includ-
ing the microchannel was drawn and added to the Pyrex support.
The cover was defined first in silicon then in Pyrex. An important
thermal gradient was obtained for each case considering the tem-
perature value along the x-axis direction, see Fig. 4. But for Pyrex
cover, the temperature decreases regularly along the microchannel
and the thermal gradient is higher than for the silicon cover, as it is
shown in Fig. 4.

To understand the influences of both the temperature differ-
ence at the channel ends and of the temperature gradient along the
channel on the gas mass flow rate the microfluidic simulations were
performed. By fitting these temperature gradient profiles we found
the best equation describing the temperature variations along the
microchannel surface (axe X in Fig. 3). Then, this information about
the temperature distribution was used as the boundary conditions
in the microfluidic model.

3 2
AT (kN (1)
e

— microsystem with
pyrex cover

- - - microsystem with
silicon cover

300 T T T T T T T T

0 1 2 3 4 5 6 7 8 9
X (mm)

Fig. 4. Profiles of the thermal gradient simulated along the microchannel from the
heater to the microchannel input for a Pyrex cover (full line) and a silicon cover
(dotted line).

2.4. Gas mass flow rate simulations

In order to estimate the mass flow rate through the microchan-
nel, the numerical simulations were carried out using the
compressible Navier-Stokes equations subjected the velocity slip
and temperature jump boundary conditions [ 14]. The microchannel
is defined as a large rectangular channel connecting two reservoirs.
The Knudsen number is fixed in the range [10~3; 10~-2] and the same
pressureis setin the bothreservoirs to simulate the open into atmo-
spheric pressure ends of the microdevice. The temperatures in both
reservoirs and the temperature distribution along the channel’s
surfaces are taken from the thermal simulations described in the
Section 2.3. Two materials, with different thermal properties, are
studied for the channel cover: silicon and Pyrex. The temperature
distributions obtained from the simulations with both materials
are used as the boundary conditions for the microfluidic part for
three heater temperature, see Table 2.

For the lower temperature of the heater, the mass flow rates
through the channels with silicon and Pyrex covers have the simi-
lar values. However, when the heater temperature increases up to
623 K the mass flow rate through the channel with Pyrex cover is
1.5 larger than for silicon cover.

The temperature distributions of the channel’s cover in the case
of Pyrex and silicon, obtained from thermal modeling and used
in the fluidic simulation are shown on Fig. 4. In the case of the
silicon cover, the sudden temperature decrease and the small ther-
mal gradient along the channel is not sufficient in order to provide
the suitable gas circulation inside the microdevice. However, the
Pyrex cover provides more important temperature gradient along
the channel’s cover (see Fig. 4) and therefore allows creating the

Table 2

Mass flow rate calculated for both covers.
Heater temperature (K) 473 573 623
Mass flow rate with a silicon cover (10~'2kgs~1) 2.42 3.90 4.69
Mass flow rate with a Pyrex cover (10-12kgs~') 2.47 5.53 7.12
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more important gas flow rate through the channel, which leads to
the better quality of the pollution analysis.

3. Experiments and discussion
3.1. Microsystem realization

The microsystem was realized with two Pyrex wafers. The
wafers 1 and 2 are used to realize the support and the cover, respec-
tively. The microsensors were deposed on the support. They are
composed of platinum electrodes, platinum heater and a tungsten
trioxide sensitive layer. The platinum layer thickness is 100 nm
and was deposited by magnetron sputtering. Then WOj5 layer has a
thickness of 80 nm and was deposited by reactive magnetron sput-
tering with an argon/oxygen mixture with ratio equal 1 [15]. A
very thin titanium layer had been deposed before the platinum
to enhance the adhesion on the Pyrex. To finish, the layers were
annealed at 673 K during 1 h 30 min.

The microchannel is etched into the cover. The Pyrex is a very
strong material thus the ultrasound etching was used to cross
through the wafer of 1000 pwm and to define the windows allow-
ing access to microsensors pads. Then, the microchannel has been
etched by HF etching for a depth of 10 um.

To obtain the complete microsystem both wafers were bonded
together by a technique similar to the thermo-compression per-
formed at ambient temperature. A gold layer was deposed by rf
sputtering magnetron on the cover wafer with a chrome adhesion
layer. A gold layer was also deposed on the support wafer using
a silicon shadow mask, which protects the microsensors. Then,
these layers were quickly associated under primary vacuum. A high
force of 4000 N was applied to bond the wafers. The bonding was
improved with a hydraulic compression.

3.2. Microsensor ammonia response (microsensor alone without
cover)

Gas detection was studied first with the gas sensor alone. The
sensor performances were tested under diluted gases in dry air, at
atmospheric pressure. The normalized sensor response was defined
as S=Ro/Rg, where Ry and Rg are the sensor resistances in dry air
and in target gas, respectively. We studied NH3 detection at 25 ppm
corresponding to the maximum level authorized at the working
place and an ammonia sensor must clearly detect partial pressures
significantly below this point.

In order to check the effect of operating temperature on the
sensor response the microsensor alone has been tested through
ammonia gas with several working temperatures from 423 to 523 K.

To determine the best work temperature, we measured the
detection response and the recovery time with a fixed ammo-
nia concentration. The recovery time is defined as the time to
reached 80% of the origin resistance Ry after ammonia turn off.
Fig. 5 illustrates the response to 25 ppm of ammonia versus oper-
ating temperature. It shows a systematic response increase with
increasing operating temperature up to 443 K, but reverse tendency
is observed above 443 K. We can also notice that the recovery time
decreases when temperature increases. The response and recovery
time are directly related to the adsorption and desorption activa-
tion energies, respectively.

This behavior can be explained by considering the temperature
dependence coverage surface of chemisorbed species [16]. At low
temperature, desorption phenomenon is weak and a total coverage
of the sites can be obtained easily making no reversible detection
possible. Conversely, at high temperature the efficiency of desorp-
tion mechanism increases and the system will be less sensitive.
The coverage decreases with increasing temperature because the

[}
o
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o

W normalized response

A return time

tr (80%) (min)

S (Ro/Rg)
= N W b O
o O o O o o

423 443 463 483 503 523
T(K)

Fig. 5. Response and recovery time temperature dependence (25 ppm of NH3).

desorption rate rises faster than the adsorption rate. Thus, there is
necessarily an optimum temperature at which the sensor reaches
a maximum of sensitivity [17,18]. The best response is measured
at 443 K, but at this temperature the gas desorption kinetic is slow,
which implies a high recovery time. At 523 K the recovery time is
shortenough, but the response is lower. We evaluated that the most
adapted temperature would be between 463 and 493 K, then, we
have finally chosen 473 K as the best compromise between a good
sensitivity and fast recovery time.

3.3. Global microsystem gas characterization (microsensor with
cover)

Remind that the aim of our project is to create a thermal
pumping into the microchannel and detect the gas in the generated
flow.

The microsystem with Pyrex cover is placed into the detection
chamber. The sensor is heated at a temperature of 473 K to optimize
the ammonia detection, as it was explained in the end of previous
section. The gas is led by a nozzle into the microchannel input, i.e. in
the opposite extremity of the heated gas sensor. The gas flow rate in
the nozzle is 200 ml/min. The microsystem is exposed at ammonia
concentration of 50 ppm to forecast a visible response.

The results show an electrical response corresponding to the
ammonia detection. Moreover, this response is reversible after
dry air exposure. The microsensor tests have demonstrated that
the recovery time is the longest one at this temperature. The gas
flow rate and the microchannel volume are also low and amplify
this phenomenon. These results demonstrate the possibility to
detect ammonia with our microsystem; nevertheless, the electrical
response is not sufficient to prove the gas pumping existence from
the microchannel entrance to the microsensor. To prove it we have
realized a specific detection cell (Fig. 6). The cell’s volume is around
8 ml. The gas goes into the gas cell and leaves the cell by a natural
evacuation. The pressure equilibrium is conserved. The microsys-
tem is placed between the cell and the outside. The microchannel

Dry air and ammonia
inlet

Ammonia flow by
thermal pumping

Natural gas i
outlet i -’

Fig. 6. Detection cell.
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Fig. 7. Pyrex microsystem response for 50 ppm ammonia detection at 473K in the
detection cell.

output is placed outdoor of the cell and can exchange directly with
the detection chamber. The microchannel input is indoor the cell.

The microsensor is biased and heated and then a pollutant flow
is led into the cell. The sensitive layer resistance is measured to
detect theammonia through the microchannel gas flow. In this way,
if the microsensor responds to the target gas, we can conclude that
a gas flow exists in the microsystem and that the thermal pumping
is efficient. We fixed the sensor’s temperature at 473 K. The ammo-
nia was injected continuously in the cell. After several seconds an
important resistance variation was measured. The total response
time corresponds to the sensor response time (2 sec max) and the
characteristic time of gas flowing microchannel. At this heater tem-
perature the gas mass flow rate through the channel was evaluated
at 2.47 x 10~12 kg s~1 (Table 2) and therefore the gas characteristic
time is of the order of 10 sec. An example of the electric signal is
presented in Fig. 7.

These detections proved the existence of the thermal pumping
into the microsystem.

4. Conclusion

The thermal and microfluidic studies let us estimate the best
materials for our gas sensor microsystem. Using Comsol Mul-
tiphysics software, simulations were done to evaluate thermal
gradient along the microchannel. The thermal simulations con-
firmed the temperature gradient existence required for the thermal
creep phenomenon. Microfluidic simulations indicated that Pyrex
is the best material for both the substrate and the channel cover.
The cover was realized with Pyrex and experimental tests were
performed to validate the model. Then, gas detection experiments
with the WO3 microsensor demonstrated a high response for the
ammonia detection between 423 and 523 K with an optimal work
temperature around 473 K. The ammonia detection possibility has
been confirmed by the microsystem tests at 473 K. This measure-
ment is due to the thermal pumping existence demonstrated by the
use of the fluidic cell. The future works goal to test interfering gas
detections and to improve the selectivity of the microsystem using
a channel network.
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