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Metal oxide molecular sensors have notable advantages in their low cost and small size, and they are useful to
establish a low-power sensory system for massive data accumulation. However, most of them require high
temperatures to cause chemical reactions, and an external heater is needed. Thus, their sensory system consumes
Sensor array around 1 W or higher power for operation. A candidate solution to decrease power consumption is using self-
Metal oxide heated sensors. Since the heating area is limited in the sensor itself, mW-order and quick operation are
SPICE possible. Since the sensors need careful temperature management, a dedicated analog circuit is demanded.
Therefore, it is important to create their compact models in MATLAB or Verilog-A and predict the performance of
the system as a whole with simulations. In this paper, an experimental self-heated sensor and its compact model
are developed. To check the model’s validity, some critical model parameters are determined firstly by exper-
iments without self-heating. Then, the simulation outputs are compared with experimental results with self-
heating. The comparison shows that the model predicts the saturation value and transient time constant of
the gas reaction well. In addition, the error caused by the sensor’s drift increases particularly if the sensor is

operated in an inert gas.

1. Introduction

Compared with most conventional semiconductor molecule sensors,
self-heated molecule sensors are beneficial for developing low-power
systems because they consume small power to increase sensing tem-
perature [1,2]. In addition, there have been some reports that the sensor
configured to different temperature reacts to different molecules [3-5].
A self-heated sensor only heats a limited sensing area, thus short time
constant for controlling temperature can be realized. If the temperature
of those sensors is controlled precisely, the number of detectable mol-
ecules will increase. One of the main obstacles to realizing the system is
to control sensor temperature by feedback power from the interface
circuit. The main operation of the circuit is keeping the sensitivity and
controlling temperature by feedback voltage or current while consuming
a small amount of power. Designing the dedicated circuit for the self-
heated sensor, and making compact models of the sensor for circuit
simulation is inevitable. Moreover, compact modeling is highly useful
for analyzing sensor data in advance by integrating many sensors into a
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simulation environment (Fig. 1). Sensor experiments with many
different types of molecules require precise and complicated setups.
Also, the sensor’s reaction to molecules usually takes around a few mi-
nutes. Self-heating sensors will be driven under various temperature
conditions in one experiment operation. Building a sensor’s compact
model helps us to conduct advanced research on data classification with
circuit-level reliability.

In this paper, the metal oxide sensor was introduced, which could
generate Joule heating under 5-15 V. The model of the sensor response
to NO3 and the heated temperature was created and the fitted parame-
ters were obtained with the experiment data. The optimized function
was applied to the same condition as dynamic response experiments and
both results were compared.

2. Developed sensor

In Fig. 2, the microscope image of the developed self-heated sensor
and its measured I-V characteristics are shown. The I-V curve indicates
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Fig. 1. Simulated sensor response.

that the sensor is an ohmic device. SnO5 thin film (20 nm) is used as the
sensing material, and an electrode is made of Ti/Pt. The resistance of
SnO film is changed if it adsorbs certain molecules. The narrow sensor
shape and 20 nm thinness enable it to operate as a self-heated sensor. To
verify the self-heated characteristics, a thermal simulation was carried
out with COMSOL Multiphysics software, and it was verified that only
the sensor spot reached a high temperature of around 420 K as shown in
Fig. 3. In the thermal simulation, the sensor’s electrical resistivity was
set to 0.05 Q-cm, and 10 V was biased. It should be noted that the
sensor’s resistivity has variation due to a fabrication process and the
value was just selected out of possible values. The sensor film thickness
was 20 nm, the cross-sectional area was 0.1 x 10 cm?, and the length
was 10 pm. Thus, the sensor resistance was calculated as around 50 kQ.
The resistance value was fixed during the simulation, then nearly 2 mW
of heating was generated in the sensor device.

3. Compact modeling

The developed block diagram of the self-heated sensor is shown in
Fig. 4. While the sensor’s temperature was controlled with an external
heater in the previous works [6], the feedback loop to cause temperature
fluctuation derived from its own resistance change was added. To
simplify the model, the number of input gas was limited to one. The gas
flow system and the dynamic response filter were represented as low-
pass filters. In this work, the gas flow system was removed because
the dynamic response filter was dominated filter in our laboratory setup.
The dynamic response filter consists of a 2nd-order filter. Values of two
poles and one zero were fitted with System Identification Toolbox in
MATLAB from experiment data plots. The static response gain and
temperature-dependent gain are represented as follows:

Goos = ki ® e En/KT o kT (@D)]

Gba:e = GOT L4 eiEAU/kT (2)

(a)

Fig. 2. (a) Microscope image of the self-heated sensor device. (b) I-V curve of the self-heated sensor.
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Fig. 3. Thermal simulation results run in COMSOL.

where k and T represent Boltzmann constant and absolute temperature.
Epg and E,; are activation energies of the baseline conductance and of
the change conductance by a target gas. ki1, Got, and nj are coefficients.
C represents the concentration of input gas. The thermal circuit consists
of the thermal resistance Rpe,e and the thermal capacitance Cheqt. Since it
is quite difficult to measure the precise thermal circuit parameters,
simulation results obtained from COMSOL Multiphysics software were
substituted. The input voltage representing 1 ppm gas concentration
corresponds to 1 V and the voltage follows linearly to the gas concen-
tration. Temperature-dependent gain has a time delay until it is reflected
on the sensor resistance change. However, the time constant was much
smaller than that of the molecule’s dynamic response because of the
small sensor size. Thereby, the delay for the temperature-dependent
gain was not taken into account.

4. Experiment and simulation results

The unknown model parameters: Eag, Ea1, ki1, Gor, and n; were
determined by fitting them to experimental data with Egs. (1), (2). In the
experiment, the target gas was NOy, and the surrounding gas was No. In
the experiment, resistance was measured under different temperatures
of 150, 200, and 250 °C. Since it was difficult to monitor the sensor’s
surface temperature accurately, an external heater was used. Then, the
bias voltage was set to 1 V so as not to cause self-heating. In each tem-
perature condition, gas concentration was set to 0, 10, 20, 50, and 100
ppm, and a steady-state value was measured. Table 1 shows adjusted
parameters. In Fig. 5, the comparison between experimental data and
calculated data from the determined parameters is shown.

With determined parameters in the above experiments, the dynamic
responses were compared. The ambient temperature was set to 100 °C
and the sensor was biased with 9 V and 10 V. Fig. 6 shows the resistance
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Fig. 4. Self-heated molecule sensor model.

Table 1
Parameters determined by experiments and COMSOL
Multiphysics software.

Parameters Values

Gor 0.0001095[S]

Kir —0.003043[S/ppm]
Eag 0.01567[eV]

Epr 0.2334[eV]

n 3.176[ev ']

Rheat 29.7[K/mW]

Gheat 0.0297[uJ/K]
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Fig. 5. Comparison of the static responses between the simulated values with
the fitting parameters and experiment data.

comparison between simulation and experiment data. Although the
sensor drift effects were seen in the no gas phase, the static sensor
response value in the simulation followed the experiment resistance
change. It was also shown that sensing temperature in the simulations
was fluctuate as high as 90 °C when the sensor reacted to NO, under a
constant bias voltage condition.

5. Conclusion

The self-heated molecular sensor and its compact model were
developed. The resistivity of the developed sensor was confirmed by the
electrical measurement, and the self-heating effect was ascertained with
the thermal simulation in COMSOL Multiphysics. The model parameters
were fitted with the results of the thermal simulation and the experi-
mental static responses. The static response gain and temperature-

| A N AN | ~
simulation 10V -==-Experiment 10V 1
g 22000 | T | simulation 9V —----Experiment 9V '
s s |Stop NO,
S 18000 In N,
3 ] e
N b eemmmrTT oy U . ::: :::: q
B B Rk drift T
© 14000 ‘ ]
@ NO, Inflow e
10000 At . e
0 100 200 300 400 500
Time (sec)
650 —r— —
% 600 ~
5 NO, Inflow
© 550
g InN, | & Stop NO,
& 500 f ]
= [ ——Temperature 9V ——Temperature 10V |
450 EEE— e l At
0 100 200 300 400 500
Time (sec)

Fig. 6. Comparison of the dynamic responses between the simulated values
with the fitting parameters and experiment data.

dependent gain were determined by the experimental results, in which
the sensor’s temperature was configured by the external heater. Even
though most of the model parameters were determined without the self-
heating effect, the outputs of the simulation model followed the sensor
response affected by self-heating. It was also found that there is rela-
tively a large gap between the simulated resistance and a measured
sensor resistance due to a drift particularly if the sensor is operated
under an inert gas.
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