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Abstract We demonstrate a new operation mode of
thermal gas sensor based on thermal capacity extrac-
tion with identification algorithm. The system is a sil-
icon microstructure covered with zeolites operated at
constant temperature while stimulated by heat pseudo-

random sequence. The proposed detection principle is
demonstrated at room temperature and atmospheric
pressure through the detection of gas water molecules

with an hydrophilic FAU-type zeolite coating. The iden-
tification algorithm is a continuous-time closed-loop iden-
tification algorithm based on the instrumental variable
principle.

(1)

GREYC-UMR6072
ENSICAEN, University of Caen
Caen, France
E-mail: mathieu.pouliquen@unicaen.fr

(2)

LCS-UMR6506
ENSICAEN, University of Caen
Caen, France

(3)

IETR-microcapteur-UMR6164
University of Rennes
Rennes, France

(4)

iSML
University of Tokyo
Tokyo, Japan

(5)

RCAST
University of Tokyo
Tokyo, Japan

(6)

LIMMS-UMI2820
University of Tokyo
Tokyo, Japan

Keywords system identification algorithm · thermal
capacity gas sensor · zeolites

1 Introduction

In literature of MEMS gas sensors, on one hand me-
chanical devices are proposed to monitor mass varia-
tion due to gas adsorption ([1]). On the other hand,

techniques based on thermal analysis either require the
catalytic decomposition and/or desorption of molecules
as a function of temperature with thermal cycles ([2],
[3]); or they rely on gas thermal conductance measure-

ment. In this work, the principle is based on thermal
capacity extraction. This principle was demonstrated
in previous work in time domain ([4]) and frequency

domain with the particular thermal resonant operation
mode ([5]). In this paper, thermal capacity extraction is
performed with identification algorithm while the ther-

mal system is operated in closed-loop mode and kept at
constant temperature and self-stimulated with pseudo-
random heat pulses. Constant temperature operation
of the device can be favorable as it reduces convection
around the tip of the device.

About identification, we are interested in the esti-
mation of a continuous-time model so as to extract the
thermal capacity from the model parameters. The main
difficulty in closed-loop identification is due to the cor-
relation between the noise and the control signal, in-
duced by the loop ([6], [7]). Different specific identifica-

tion methods have been developed for the closed-loop
identification. In the context of the identification of a
continuous-time model, the method ”Closed Loop Sim-
plified Refined Instrumental Variable Continuous-time”
(CLSRIVC) identification method presented in ([8]) has



two advantages. First, it allows the direct unbiased esti-
mation of the parameters of the continuous-time model
without the need to estimate a discrete time model.
Second, it allows the estimation of the variance of these
estimated parameters and consequently the evaluation
of the reliability of such estimates.

Experimental data are acquired using a micro-fabri-
cated thermal micro-device associated to zeolite mate-
rial. Zeolites are used as a selective layers as in other
works in literature ([9]). Zeolites are micro/nanoporous
materials that reveal great chemical, size and shape se-
lectivity enabling detection and differentiation between
different gases and vapors.

2 Description of the system and set-up

2.1 General description of the system

The system comprises a thermal micro-device, condi-

tioning electronics with gain Ge, a microcontroller and
an identification algorithm (Fig. 1).

The thermal micro-device is a first order thermal

system whose time constant, τth, depends on gas ad-
sorption. The continuous-time model takes the form,

G(p) =
G0Ge

1 + τthp
(1)

with p the time-domain differentiation operator.

The microcontroller implements a PI-controller (Pro-
portional-Integral) that turns the system into a second
order system that is tuned to regulate the temperature

of the thermal micro-device.

H(p) =
G0

1 +
(

1+G0Gekp
G0Geki

)
p+

(
τth

G0Geki

)
p2

(2)

The natural pulsation of the second order system de-
pends on the thermal micro-device time constant and
consequently on the adsorbed gas. Therefore, the deter-
mination of the parameters of the second order system
can be used to derive the adsorbed gas variations. In or-
der to extract the parameters while operating in closed-
loop mode, the micro-controller generates a pseudo-
random Joule power stimulus.

In order to extract the thermal parameters of the
thermal device, the CLSRIVC identification method is

run on a computer. The algorithm inputs are the PRBS
binary sequence (so as to satisfy the persistent excita-
tion condition) and the voltage representative of the
device temperature. The algorithm realizes the estima-
tion of the parameters of the continuous-time model

(i.e. G0Ge and τth) of the device and the estimation of
the variance on these estimated parameters.

Fig. 1 Block diagram of the operation mode. P: Joule power,
T: temperature of the tip of the device, V: voltage at the out-
put of the conditioning electronics representative of the tem-
perature. PRBS: Pseudo-Random Binary Sequence. The ther-
mal device is operated in closed-loop mode thanks to a heat
feedback controlled by a conventional proportional-integral
(PI) controller implemented in a micro-controller. The PI con-
troller is set to keep constant the temperature of the thermal
device. The micro-controller also produces a pseudo-random
binary sequence that thermally stimulates the thermal device
through heat random pulses.

2.2 Description of the thermal micro-device

The thermal device consists of a cantilever like struc-
ture with a beam and a disk tip filled with zeolites

(Fig. 2). The beam with thermal conductivity (Gth) in-
sulates the thermal capacity of the disk tip (Cth) from
the surrounding. The tip and the beam form a first or-
der thermal system with time constant τth = Cth

Gth
. A

single aluminum resistor on the device is used both to
monitor the temperature of the tip and to produce heat.
Heat is produced by a feedback path to operate the sys-
tem in closed-loop mode and for heat stimulation.

Fig. 2 (a) Schematic representation of the thermal micro-
device. (b) Gas adsorbs into the tip filled with zeolites and
consequently increases the thermal capacity (Cth) of the tip.



A single resistor is used for both heating and tem-
perature measurement thanks to high frequency mod-
ulation and capacitive coupling (Capacitively coupled
electrical substitution) ([10]). When gas adsorbs in the
zeolite layer, the thermal capacity of the tip Cth in-
creases. The thermal capacity is extracted using a closed
loop identification algorithm.

2.2.1 Device fabrication

The structure is 9µm thick made out of a SOI wafer
through front-side and back-side etching. The fabrica-
tion process is sketched in Fig. 3.

Fig. 3 Microfabrication process.

Starting from a SOI wafer (Fig 3.a), first aluminum
is deposited by sputtering, patterned by UV-lithography

and dry-etched with chlorine-based plasma to form the
aluminum track on the front side (Fig 3.b). Next, SiO2

and aluminum are subsequently sputtered as hard mask
materials and the MEMS device shape is patterned by
lithography and subsequent RIEs of Al and SiO2. The
wafer is etched by Si deep RIE (Bosch’s process) down
to the buried oxide layer. Then, mask Al and SiO2

layers are removed. At this step, the front side topol-
ogy is defined (Fig 3.c). A zeolite embedding into deep
trenches technique was specifically developed for this
project (Fig 3.d). The technique combines successive
dispensing and calcination steps repeated three to four
times for a complete filling. Liquid droplets with zeolite

suspension are dispensed on a cantilever, and the chip
is readily heated on a hotplate at 320oC for drying. To
release the cantilever, the handling silicon substrate is
etched out by deep RIE from the back side (Fig 3.e),
instead of SiO2 etching with hydrofluoric (HF) acid,
which is a more standard method for releasing the can-
tilever. The purpose is to prevent any zeolite damaging.
The etching SiO2 of the buried oxide layer with CHF3

RIE is performed as much as possible (Fig 3.f).

FAU-type zeolite with a particle size of 10 − 20nm
was prepared according to the procedure described in
detail elsewhere ([11]). Hydrophilic FAU-type zeolites
were used for water molecule detection. The zeolite X
with FAU type framework structure (FAUX) was syn-
thesized from a clear precursor suspension with a mo-
lar composition: 9 Na2O: 1.1 Al2O3: 10 SiO2: 45 H2O.
The clear precursor suspension was stabilized via con-
trol mixing of two solutions, i.e., silica- and alumina-
based dissolved in NaOH and H2O. The final precur-
sor suspension was aged for 24h at room temperature,
and then subjected to hydrothermal crystallization at
50oC for 45h. The solid products (nanosized FAU-X ze-
olite) were recovered by centrifugation (25000rpm for
4h), purified with H2O until pH= 7 and then freeze-
dried. The FAU-X zeolite nanocrystals can absorb up
to 32% water, as revealed by thermogravimetry. The
high hydrophilicity of the FAU-X crystals is due to the
high aluminum content (Si/Al = 1).

2.2.2 Device characterization

The single track enables lowering the thermal conduc-
tance of the cantilever to the bulk with less metal and

narrower supporting beam. The aluminum-conducting
track had a resistance of 25.6Ω and a TCR of 3.6 10−3/K.
The silicon supporting structure (sensor device) has a

dimension of 9µm thick and 200µm diameter. The hol-
low silicon supporting structure enhances the zeolite to
silicon mass ratio, thus improving the relative thermal
capacity variation under gas adsorption. The thermal

capacity of the silicon structure was 0.5µJ/K without
zeolites, and 3.6µJ/K with zeolites at ambient condi-
tions. A silicon beam, 250µm long and 15µm wide, links
the discus shape tip to the bulk silicon and it acts as
the weak thermal link with a thermal conductance of
60µW/K.

2.3 Conditioning electronics

The analogous conditioning electronics equilibrates a
resistor bridge including a measurement device and a
reference device (see ([10]) for details), and amplifies
the signal by a factor 10000 before 12-bit analog-to-
digital conversion by the micro-controller.

2.4 Identification algorithm

The CLSRIVC algorithm aims at identifying a continuous-
time model from finite sequences {r(tk)}Nk=1, {P (tk)}Nk=1

and {V (tk)}Nk=1 where r(tk), P (tk) and V (tk) denote



Fig. 4 SEM pictures of a micro-fabricated silicon (250µm
beam and 200µm diameter) discus tip structure with a thick-
ness of 9µm; the single aluminum track serves as both the
heater and the temperature sensor. Bottom left inset: the tip
filled with FAU-type zeolite.

the sampled value of the PRBS binary sequence, the

Joule power and the voltage representative of the tem-
perature at time instant tk around the operating point.
The implementation of the algorithm requires also the

knowledge of the controller.

Remark 1 : The thermal device is operated in closed-
loop using a PI controller. P (tk) is then computed as
follows:

P (tk) = x(tk) + r(tk) (3)

with x(tk) = x(tk−1)+kp(−V (tk))+(kp−ki)(−V (tk−1))
where kp and ki are the parameters of the controller.

Let us denote θ the parameter vector of the continuous-
time model (1):

θ =

(
τth
G0Ge

)
(4)

The CLSRIVC algorithm is an instrumental variable
based algorithm. From the fact that the instrument is
computed from the noise free simulation of the closed
loop, the implementation of the CLSRIVC algorithm
requires the use of an iterative scheme.

The estimate for θ at the iteration i is denoted θ̂i
and is given by:

θ̂i =

(
N∑
k=1

ϕ̂f/tkϕ
T
f/tk

)−1 N∑
k=1

ϕ̂f/tkVf/tk (5)

where Vf/tk , ϕf/tk and ϕ̂f/tk are built as follows

– Vf/t = fc(p)Vt (6)
with fc(p) a low-pass stable filter;

– ϕf/t = fc(p)ϕt (7)

with ϕt =

(
−V̇t
Pt

)
– ϕ̂f/t = fc(p)ϕ̂t (8)

with ϕ̂t =

(
− ̂̇V t/θ̂i−1

P̂t/θ̂i−1

)
.

̂̇V t/θ̂i−1
(respectively P̂t/θ̂i−1

) corresponds to the es-

timation of V̇t (respectively Pt) via a simulation of
the closed loop using the estimated parameter vec-
tor θ̂i−1 obtained at the previous iteration.

About the choice of the low-pass stable filter fc(p),
it has been shown in [8] that, for the CLSRIVC algo-
rithm, the optimal filter is fc(p) = 1

1+τthp
. The follow-

ing iterative scheme is then proposed:

1. Choose fc(p) = 1 and apply the CLSRIVC algo-
rithm with (5).

This provides θ̂0 and then a first estimation of the
thermal capacity τth: the first component of θ̂0 i.e.
θ̂0(1);

2. Given this first estimation, design the filter fc(p) =
1

1+θ̂0(1)p
;

3. Apply the CLSRIVC algorithm to get a new esti-

mate θ̂1;
4. Repeat steps 2 and 3 until convergence of step 3 or

until a finite number of iterations.

Compute the variance of the estimated parameters
from the Cramer-Rao bound with the last estimated
parameter vector.

The first step is an initialization step: an initial es-
timate of the model is necessary so as to implement the
CLSRIVC algorithm. Then at each iteration a interme-

diate model is used to design the low-pass filter. The
convergence of the algorithm has not yet been proved
theoretically, however it is quite similar to some itera-
tive least squares algorithms for which the default num-
ber of iterations in MATLAB is 20.

The implementation of the algorithm requires the
choice of several parameters. The first one is the num-
ber of samples N . The choice of N is the result of a
compromise. If N is high, then the variance of the esti-
mation is reduced, however a local variation of the ther-
mal capacity may not be detected. If N is low, then a
local variation of the thermal capacity can be detected,
however if this variation is low, then it may not be de-
tected due to the higher variance.



2.5 Experimental Set-up

Two thermal devices are placed in a gas sensor cell with
a size of 7cm3 (Fig. 5). One device, without zeolite coat-
ing, is used as a reference for differential measurement.
Such configuration allow differential measurement in or-
der to reject effects of ambient temperature variation or
second order physical quantities resulting in common
mode perturbations (e.g. pressure, vibration).

Fig. 5 Picture of the sensor cell. Two devices are placed in an
hermetically sealed cell. Two gas connections enables gas flow
in the cell. The sensor cell is an 8cm diameter aluminum cylin-
der with a 7cm3 cavity chamber buried. The cavity chamber
is covered by an epoxy board on which the thermal devices
are sealed and wire-bonded. Polymer joint and screws ensure
hermetical sealing of the chamber. Line inlet and outlet for
flow passing are heated to prevent condensation.

The sensor cell was connected to the gas flow set-up,
which guarantees controlled concentrations of analytes
(Fig. 6). The analyte, here water, is delivered in an
argon flow ([12]). The concentration of analytes is con-
trolled through the temperature of the thermostated
bath and the velocity of the flow passing therein in or-

der to obtain the appropriate parameters of the Antoine
equation ([13]). The analyte is chosen in accordance to
the selectivity of the sensor device, i.e., the hydrophilic
FAU-type zeolite is expected to be highly sensitive to
water. Recordings have been carried out at atmospheric
pressure under a constant flow (20ccmin−1), and the
inox gas tubings were heated to prevent analyte from

condensation during the measurements.

2.6 Operation mode

In this work, closed-loop operation is chosen to keep
the temperature of the thermal micro-device constant.
Open and closed-loop modes are illustrated in Fig. 7
with the recorded signals under self-stimulation by a

Fig. 6 Sketch of the experimental set-up.

pseudo-random binary sequence (PRBS) of heat pulses.
In open-loop the temperature varies upon the heat stim-
ulation highlighting the thermal constant. Gas detec-
tion through thermal capacity extraction in open-loop

mode was discussed in ([4]).

In closed-loop mode, the temperature is kept con-
stant. When pseudo-random stimulation is produced,
the feedback controller compensates for induced tem-

perature variations. The device thermal parameters (Gth,
Cth) are extracted using the identification algorithm,
from the PRBS stimulation, the temperature signal and
the power signal.

Fig. 7 Illustration of open-loop and closed-loop mode oper-
ation of the thermal device.



Experiments with various analyte concentrations were
undergone to demonstrate the parameter extraction.
Water was used as analyte because of specific adsor-
bance by hydrophilic FAU-type zeolite. Recordings were
carried out at atmospheric pressure and room temper-
ature under a constant flow. The measure is differen-
tial between measurement device and reference device
without zeolites to reject secondary effects such as room
temperature variations.

Remark 2 : About the operation mode, it would be in-
teresting to compare performances of open-loop and
closed-loop identification, however it is currently dif-
ficult on the considered identification problem, for two
main reasons. Firstly, a hard constraint in our operation
mode is to keep constant the temperature of the device.
Secondly, the input/output signals must remain around
the operating point of interest in order to give meaning
to the linear approximation (1). These two constraints

imply the identification in the closed-loop mode.

3 Results, parameter extraction with
identification algorithm

Typical results obtained in closed-loop mode operation
with self-stimulation and parameter extractions are il-
lustrated in this section. The CLSRIVC algorithm has
been implemented on sequences of 120s, the sampling

period has been chosen equal to 5ms.

Fig. 8 presents the real temperature variation around

the operating point (blue curve) and its estimation with
the estimated continuous-time model (red curve). It ap-
pears that the model obtained with the CLSRIVC al-
gorithm describes correctly the dynamical behavior of
the closed-loop.

Fig. 9 and 10 present the extracted thermal capac-
ity when concentration varies from 0 to 10000ppm (blue
curve). Amplitude of the thermal capacity increases
with concentration as expected from the proposed de-
tection principle. The response time (∼ 10min) corre-
sponds to the filling of the tubing, the sensor cell and
the adsorption of water molecules in the zeolite layer.
Long term stability and level reproducibility should be
noticed.

The standard deviation (std) on the estimated ther-
mal capacity has also been estimated from the Cramer-
Rao bound. This allows the characterization of an un-
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Fig. 8 Comparison between the temperature variation
around the operating point and its estimation.
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Fig. 9 Evolution of the extracted thermal capacity parame-
ter through self-identification procedure in closed-loop mode
upon the concentration of water vapor in argon flow; succes-
sively 0ppm, 5000ppm, 10000ppm.

certainty interval on the estimated thermal capacity as

depicted on Fig. 9 and 10 (red curve).

Closed-loop mode operation is attractive since it en-
ables to control the dynamic performance of the device,
speed and measurement range, as well as the operating
point. Therefore, the ability to extract the thermal pa-
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Fig. 10 Evolution of the extracted thermal capacity param-
eter through self-identification procedure in closed-loop mode
upon the concentration of water vapor in argon flow; succes-
sively 0ppm, 5000ppm, 0ppm, 10000ppm, 0ppm.

rameter variations due to gas adsorption while operat-

ing the device in closed-loop mode is of great interest
to allow taking advantage of the operation mode. Fur-
thermore, constant temperature operation of the device
can be favorable as it reduces convection around the tip

of the device.

Remark 3 : A drift on the thermal capacity estimation
can be observed on Fig. 10. This is due to the fact
that desorption time is slower than adsorption time
and to the fact that, in the experiment illustrated in
Fig. 10, the steady state for 0ppm has not been reached
after 1000s, when the concentration step occurred. Fu-

ture work involving smaller, and hence faster thermal
devices, will enable experiments with more cycles and
getting back to steady step within a shorter time.

4 Conclusion

Thermal capacity variation du to gas adsorption onto
zeolite selective coating was performed with and identi-
fication algorithm while operating in closed-loop mode.
The implemented identification algorithm is a specific
closed-loop identification algorithm allowing an unbi-
ased estimation of the thermal capacity. Extracted ther-
mal capacity varies as expected with the concentration
of a gas.

Future work will involve further miniaturization of
the device in order to reduce the time constant du to
gas adsorption and to improve the sensitivity with lower
thermal conductance.
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