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Niobium Pentaoxide thin-film gas sensor for
portable acetone sensing

Luca Lombardo, Sabrina Grassini, Marco Parvis, Nicola Donato and Alessio Gullino

Abstract—A cetone gas sensing finds application in several fields
such as biomedical applications, food industry, chemical manu-
facturing and environmental monitoring. Often, such applications
require good sensing performance and portability of the sensing
devices. This paper proposes a conductometric gas sensor based
on a thin-film of Nb,Os able to detect acetone at the sub-ppm
level with good selectivity and repeatability. The quite small
dimensions and the low power consumption make the proposed
sensor suitable for portable applications.

Index Terms—gas sensors, biosensors, biochemical applica-
tions, niobium oxide thin-film, nano-structured materials.

I. INTRODUCTION

The possible applications of gas sensors [1], [2] are virtually
endless. Environmental monitoring [3], biomedical applica-
tions, industry and safety monitoring are just few examples
of their possible employments.

Acetone is an organic volatile compound (VOC) used
in several industrial processes, in food industry and in the
manufacturing of cosmetics and paints. Moreover, acetone
sensing can be employed in biomedical applications, such
as the breath analysis test for diabetes monitoring [4], [5].
Therefore, the availability of effective gas sensors for acetone
is very important, and several solutions were proposed in last
years [6], [7].

Metal oxide (MOX) gas sensors are a possible solution for
gas monitoring [8]. These sensors can be manufactured at a
low-cost and their structure is suitable for miniaturization of
the devices, a factor that is extremely important in portable and
low-power applications. Moreover, the sensing performance
and the target gas of this type of sensors can be widely modi-
fied acting on the sensing material, which is typically a metal
oxide compound deposited over the sensor electrodes in the
form of thick or thin layer. The recent developments of nano-
structured materials is quickly improving the performance of
such sensors, especially in terms of sensitivity and selectivity,
making them a good and flexible solution for a wide range of
gas sensing applications [9]-[13].
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The sensing mechanism of MOX sensors is generally well
understood [14]-[16], and it is based on the presence of
vacancies and broken bonds on the sensing film surface. Such
defects act as bonding sites for the gas molecules with the
consequent modification of the band structure of the material.
Therefore, the conductivity and the sensing film resistance
change as consequence of the interaction between the bonding
sites and the gas molecules. Typically, the sensor response S is
defined as the ratio between Iz, and I, which are respectively
the sensor resistance in pure air and the sensor resistance in
the presence of the target gas:

§=1 (1)

Therefore, it is quite easy to interface such types of sensors
due to the fact that the readout circuit can be implemented by
a simple resistance measurement system [17].

Among the several materials which can be employed for
these category of gas sensors, the niobium oxide is a material
not frequently employed and whose performance are still not
fully assessed. Therefore, the authors decided to better assess
the possibility to employ such a material for the develop-
ment of an acetone gas sensor depositing by reactive plasma
sputtering a Nb,Os thin film deposited over a commercial
alumina substrate. The proposed sensor was characterized by
several preliminary tests and it demonstrated good sensing
performance and low power consumption.

II. SENSOR MANUFACTURING

The proposed sensor was realized starting from a com-
mercial alumina substrate, shown in Fig. 1, featuring quite
small dimensions of 6 mm x 3 mm and thickness of 1 mm. A
couple of platinum interdigitated electrodes which are used to
electrically connect the sensing film is deposited on the front
side of the substrate. A Pt heater is instead printed on the
back side. The heater, which has a typical resistance of about
5 ) at room temperature, is employed to heat the sensor to a
specified working temperature that can reach a maximum of
500°C.

The Nb,Os film was deposited over the interdigitated elec-
trodes covering an area of about 9 mm? using deposition pa-
rameters similar to the ones already employed in other sensors
[18]. The film was deposited by reactive plasma sputtering
employing a lab-scale capacitively coupled parallel-plate re-
actor powered by a 13.56 MHz RF generator. A niobium
target (purity 99.99%) was employed as cathode electrode and
the deposition chamber was fed by an oxidative atmosphere



Pt Electrodes
with the Nb,O_ |&

sensing film |

Pt HEATER

ALUMINA SUBSTRATE
with Pt contacts

Fig. 1. Structure of the proposed acetone sensor composed by a commercial
alumina substrate and a Nb,Os sensing film deposited over the Pt Interdigi-
tated Electrodes. In the detail it is visible the cross section of the deposited
film obtained by FESEM Microspopy.

composed by Ar (purity 99.99%) and O, (purity 99.99%)
respectively at 50 sccm and 20 scem (1 scem = 1690 cm? /s
at 1 atm and 273 K). The sensing film was deposited over
the substrate by using a alumina mask to cover the electrical
contacts. The deposition was carried out for 30 min with a
RF power of 250 W.

III. EXPERIMENTAL SENSOR VALIDATION

The sensing material deposited on the substrates was firstly
characterized in terms of film morphology and chemical
composition by means of Field Emission Scanning Electron
Microscopy (FESEM, Zeiss Supra 40) and X-ray Photoelec-
tron Spectroscopy (XPS, PHI Model 5000). As visible in the
detail of Fig. 1, the characterization revealed a quite porous
flat film mainly composed by Nb,Os with a film thickness of
about 200 nm.

After the material characterization, several measurements
were carried out in order to assess the sensing performance of
the sensors towards acetone. In particular, sensitivity, response
and recovery time, selectivity and repeatability of the realized
sensors were investigated.

A dedicated workbench was arranged with the aim of
simplifying and automatizing most of the required operations.
The block diagram of the measurement setup is shown in
Fig. 2. A digitally-controlled power supply (Agilent, Model
E3632A) was used to power the sensor heater and, at the
same time, to measure current, voltage and, therefore, the
resistance of the heater itself. An empirical relation is then
employed to evaluate the sensor working temperature from
the measured resistance. The power supply is controlled by
a computer and a dedicated application which controls the
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Fig. 2. Block diagram of the measurement setup employed for the sensor
characterization.

sensor working temperature with an uncertainty of about 2%
by using a PID algorithm. The application also interfaces a
source-meter (Keithley, Model 6487) which is able to measure
the sensing film resistance in a quite wide range reaching
values up to few gigaohms with an uncertainty lower than
0.2%.

The sensor under test was placed in a tiny sampling cham-
ber connected to a set of valves and mass-flow controllers
(Bronkhorst, Type F-201C-FAC-22-V) which are able to pro-
vide a constant flux (about 100 ml/min) of the measurement
gas mixture inside the sampling chamber by mixing the
primary gases from certified gas bottles. In particular, all tests
were carried out by using dry synthetic air (20% O,, 80% N,)
as carrier gas, mixed with the proper amount of the target gas
required to achieve a specified concentration.

A. Characterization of the sensor working temperature and
response time

A first test was carried out with the aim of finding the best
working temperature for the sensor. The sensor was placed
inside the sampling chamber and cleaned in dry air for 2 h at
400°C in order to remove any contaminant and stabilize the
sensing film resistance.

Then, acetone was added to the carrier gas in pulses
with a concentration of 5 ppm changing the sensor working
temperature in the range from 200 °C to 400 °C. The sensor
response was therefore calculated at all the tested temperatures
and the acquired data are shown in Fig. 3. It is clearly visible
how the sensitivity of the proposed sensor increases as the
working temperature increases. The best sensor response is
reached around a working temperature of 350 °C and it starts
decreasing as temperature further increases. Instead, the sensor
baseline resistance R, decreases when temperature increases
assuming a value of about 1 G2 at the temperature of 350 °C.
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Fig. 3. Sensor sensitivity and sensor baseline resistance as function of the
working temperature in the range from 200 °C to 400 °C.
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Fig. 4. Response and recovery time achieved by the proposed sensor in the
temperature range from 200 °C to 400 °C.

A second test was carried out to characterize the response
time of the sensor. Acetone pulses at a concentration of 5 ppm
were injected in the sampling chamber recording the sensor re-
sponse at different temperatures. Therefore, the response time
and the recovery time of the sensor was evaluated considering
the thresholds of 10% and 90% of each response pulse. The
extracted data, shown in Fig. 4, highlight how both response
and recovery time slightly decrease when the working tem-
perature increases. In particular, at the temperature of 350 °C,
the response time is about 5 s and the recovery time is lower
than 50 s. Moreover, only a small improvement of about 10 s
occurs for the recovery time when the temperature increases
to 400 °C. Therefore, a temperature of 350 °C was selected as
best trade-off between sensitivity, response/recovery time and
power consumption.
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Fig. 5. Calibration curve for the proposed sensor obtained at a working
temperature of 350 °C. The linear and quadratic fittings are shown as well
with dashed lines.

B. Sensitivity and selectivity characterization

In order to assess how the sensitivity changes with the
acetone concentration, a new measurement run was carried
out maintaining the working temperature constant at 350 °C
and changing the acetone concentration in the range from
1 ppm to 10 ppm. The sensor response was evaluated for each
acetone concentration and a calibration curve was obtained,
as shown in Fig. 5. In particular, the sensor response seems
follow a quadratic law in the analyzed range, even though it
can be approximated as linear at concentrations lower than
about 3 ppm.

Therefore, a linear and quadratic fittings were carried out
from the experimental data in order to achieve a mathematical
relation which can be used to obtain the acetone concentration
from the direct measurement of the sensor response. The linear
fitting, which can be used for concentrations up to 3 ppm,

shows a sensitivity of about 0.661 ppm™':

z =1.5135 — 1.513 )

where S is the sensor response and x is the acetone
concentration.

Instead, for acetone concentrations higher than 3 ppm the
following quadratic relation can be used:

r = 13.593 — /221.833 — 37.037S 3)

A further characterization was carried out in order to assess
the selectivity of the sensor. With this aim the sensitivity
toward the sensor to different gases, such carbon oxide and
dioxide, hydrogen, oxygen, methane and ammonia, was as-
sessed and compared to the sensitivity toward acetone. Table
I shows the achieved results. The responses of all the tested
gases are negligible with the exception of ethanol which results
to be the only interferent gas detected in the test. Anyway, the



TABLE I
RESULTS OF THE SELECTIVITY TEST. THE SENSITIVITIES OF THE SENSOR
TOWARDS THE TESTED GASES ARE NORMALIZED TO THE GAS

CONCENTRATION.

Gas Concentration (ppm)  Norm. sensitivity (ppm~1)
ACETONE 5 0.8
CcO 50 0.027
CO, 500 < 0.01
H, 100 0.014
CH, 1000 < 0.01
NH;4 100 0.019
0, 50000 < 0.01
NO, 5 < 0.01
ETHANOL 5 0.225

response to acetone is still about four times greater than the
one of ethanol.

Stability of sensor sensitivity was assessed as well by
measuring several times the sensor response towards ace-
tone. A maximum variation of the response lower than 1%
was recorded over ten repeated measurements. Moreover, a
bunch of 3 equal sensors was tested and their sensitivity
was compared to the calibrated sensor. The test revealed a
maximum error of 2% between the uncalibrated sensors and
the calibrated one.

IV. CONCLUSIONS

A metal oxide gas sensor for acetone was developed by
depositing a Nb,Os thin-layer over an alumina substrate by
employing reactive plasma sputtering. The sensor was charac-
terized and it revealed very interesting sensing performance.
In particular, the best sensitivity towards acetone is reached
at a working temperature of 350 °C. The baseline resistance
of the sensor at this temperature is about 1 G2, a value
which can be easily measured with low-cost electronics. The
high sensitivity reached by the sensor allows one to measure
acetone concentrations lower than 1 ppm. The response of the
sensor is well fitted by a quadratic law, but it can considered
linear for acetone concentrations up to 3 ppm. Also the
dynamic performance of the sensor are very interesting with
a response time of only 5 s and a recovery time around 45 s.
The selectivity is very good and the only significant interferent
gas found in the characterization is ethanol.

The characterization highlighted also how the sensor stabil-
ity is very good being the maximum variation of the response
lower than 1%. The manufacturing process is quite repeatable,
as well. The tests carried out over 3 different uncalibrated
sensors revealed a maximum sensitivity error of about 2% in
respect to the calibrated sensor.

The performance achieved by the proposed sensor, together
with the small dimensions and the low power-consumption,
make such a sensor a very promising solution for acetone
monitoring in several fields, including portable applications.
In particular, the proposed sensor can find application in the
field of breath analysis for the non-invasive monitoring of the
acetone in the exhaled breath of diabetes patients.
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