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Summary

This thesis focuses on the development of sensors for human health. Several dif-
ferent factors impacts people live and health. Among them surely pollution and health
care are extremely important.

First part of the thesis deals with the pollution topic and, in particular with the at-
mospheric particulate matter. Atmospheric pollution due to the particulate is nowadays
a serious issue and it turns out in severe effects on human health. Many studies demon-
strated the correlation between high aerosol concentrations and the presence of sev-
eral diseases in the exposed subjects. Transitory diseases of respiratory system, such as
bronchitis, asthma and inflammations, are very common even though lung cancer and
cardiovascular problems were registered as well. Atmospheric particulate is also corre-
lated with different negative consequences on climate. Among them, the most worrying
one is surely the direct climate forcing due to the high light absorption coefficient of
the particulate and, consequently, the increasing of local atmospheric temperature.This
has significant secondary effects on cloud formation and on wet precipitations as well.

The effects of atmospheric particulate matter are related to several properties of the
particles, such as size, chemical composition and morphology. Such characteristics can
largely change according to aerosol source and environment conditions. Therefore, a
suitable monitoring of the concentration of particulate matter is mandatory both for
assuring safe life conditions to people and to better understand the processes involved
in formation, transformation and deposition of aerosols.

Unfortunately, available monitoring devices employs detection approaches which
provide only a partial characterization of the aerosol. Furthermore, they are typically
very expensive and not suitable to be employed in a capillary monitoring of the ter-
ritory. This turns out in the necessity of developing small low-cost monitoring nodes
to be employed in smart wireless sensor networks. With this aim, a new detection ap-
proach based on a small digital camera able to detect the single particles captured on
a standard glass fibre filter was developed. Three different prototypes, employing such
an approach but differing in filter management, were realized and characterized with
several tests. In particular, preliminary tests were carried out to assess the feasibility
of the proposed approach and the characteristics of the air pumping system employed
to sample a specified volume of air and the effective resolution achieved by the camera
optical system. Further characterizations were carried out to investigate the blocking
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capability of the selected filters and the principal properties of the captured particles.
Eventually, a comparison of the proposed system towards a commercial laser-scattering
station was carried out. The results achieved are very promising even though a signifi-
cant difference is still present between the two instruments.

Second part of the thesis, instead, deals with health care and the employment of
breath analysis as alternative to conventional diagnostic methods. Breath analysis is
based on the detection of specific gaseous species, called biomarkers, in exhaled breath.
Such biomarkers, when present at abnormal concentrations, are indicative of specific
diseases.

Breath analysis has several advantages such as non-invasiveness, quick response
and virtually low-cost. Unfortunately, still nowadays, there are many limitations to an
effective employment of such a technique. In particular, biomarkers are present in hu-
man breath at extremely low concentration. Furthermore, being the exhaled breath a
complex mixture as several different gaseous species is very difficult to distinguish be-
tween them and accurately detect specific biomarkers. Therefore, high sensitivity and
selectivity are required features of any device employed in breath analysis. This turns
out in expensive equipment which partially deprives the advantages of such a method.
A possible solution to such issues is the employment of cheap and small gas sensors
able to achieve suitable sensitivity and selectivity.

In such a framework, several conductometric gas sensors based on thin film of nio-
bium oxide were deposited on small alumina substrates by using reactive magnetron
sputtering deposition in a RF capacitively-coupled parallel-plate plasma reactor. Sev-
eral different combinations of deposition parameters were tested and many sensor pro-
totypes were realized and fully characterized with the aim to develop effective sensors
for acetone, a recognized biomarker of diabetes.

Preliminary characterization were performed in order to assess film structure and
morphology by means of an electron scanning microscope. Subsequently, the chemical
composition of deposited films was investigated employing the x-ray photo-electron
spectroscopy which revealed a deposited film mainly composed by Nb2O5.

Sensing performance of prototypes were investigated and compared in order to find
the optimal deposition parameters. Dedicated tests were carried out with an experimen-
tal measurement setup in order to assess sensitivity, selectivity, stability and response
times of the realized prototypes. In particular, one of them revealed good sensitivity
suitable for detecting acetone at concentrations lower than 1 ppm. Quick response times
and an excellent selectivity were assessed as well.

Such sensing performance together with a low-cost and a low power consumption
pave theway for the development of small breath analyzers able to non-invasivelymon-
itoring diabetes patients by means of an effortless sampling of exhaled breath.
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Chapter 1

Introduction

This chapter partially contains materials from previously published works of the author [1–5]

Since ancient times people all around the world put efforts to improve quality and
duration of their life. Among the factors that more affects life and human health, there
are surely environmental conditions and medical care. The significant improvements
achieved till now have been mainly due to scientific and social progress, and to the
development of innovative technologies. Many diseases, which were a serious limit to
human life until few years ago, can now be healed or kept under control thanks to the
introduction of new effective medical treatments and drugs, and to the development of
early diagnostic methods. Several are sources or causes of diseases or sickness for the
human beings, among these environment and life conditions are of primary importance.

The work described in this thesis focus on two aspects related to health improve-
ment: environmental monitoring of atmospheric pollution and non-invasive diagnosis
by the breath-analysis method.

In particular, a monitoring system for the atmospheric particulate matter based on a
novel optical approach and of high-performance conductometric sensors for the assess-
ment of the acetone level in the human breath have been designed and characterized
by comparing their output with other commercial systems.

This first chapter is an introduction on the topic. Moreover, a short description of the
proposed particulate monitoring system and the gas sensor is provided together with a
summary of the achieved results. Chapter 2 provides a much more detailed material on
the pollution relatedwith the atmospheric particulatematter and on themost frequently
employed equipment and measurement methodologies. The proposed monitoring sys-
tem is described in details in chapter 3, where are also reported the test performed for
validating the proposed system and the achieved results.

Similarly, chapters 4 and 5 deal with the breath-analysis and the realized acetone gas
sensors providing details on the film deposition, chemical characterization and achieved
performance.
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1 – Introduction

1.1 Anovel approach formonitoring the atmospheric
particulate matter

Nowadays, one of the most critical problems connected with pollution is the atmo-
spheric particulate matter.The particulate is a mixture of small solid and liquid particles
suspended in the atmosphere which derives both from natural and anthropogenic ac-
tivities.The particles have very different sizes ranging from few nanometer to hundreds
of micrometers and they are characterized by several different properties (composition,
shape, surface morphology, etc.) from which depend the lifetime and the effects of the
particulate itself.The particulate chemical composition is very heterogeneous including
mineral dust, inorganic salts, carbonaceous and organic compounds [6–9]. Particulate
matter, or aerosol, is naturally present in the atmosphere and it is produced mainly by
earth crust erosion, sea spray and volcanic activities. However, nowadays, a significant
part of the particulate present in the atmosphere is derived by anthropogenic activities:
mainly combustion of fossil fuels, biomass, industry and mining, only to cite few of
them. The properties of the anthropogenic aerosol differ significantly from the natural
one and, unfortunately, its effects on the climate and the human health are much more
severe [10–14]. Anthropogenic particulate contains large quantities of carbonaceous
compounds which in general are characterized by an high absorption of the solar radi-
ation. As consequence, the increasing aerosol concentration is responsible of the direct
atmospheric forcing: a significant part of the incident solar radiation is absorbed by the
suspended aerosol and transformed in heat with the effect of an increasing of atmo-
spheric temperature. An effect similar to the one of greenhouse gases [9]. The presence
of particulate in the atmosphere has negative effects on the cloud lifetime and when it
deposits on high-albedo surfaces, such as snow and glaciers, it decreases their albedo
accelerating their melting process [15–19].

Furthermore, anthropogenic particulate contains compounds which are well known
to be harmful for the human health or carcinogenic (polycyclic aromatic hydrocarbons,
polychlorinated biphenyls, etc.). When the particles are inhaled by humans, according
to their size, they enter the respiratory system and can reach the alveoli or enter the
blood stream. It has been proved how high concentration of aerosols, which usually
occurs in industrial areas and cities, can increase the incidence of several diseases such
as bronchitis, inflammation of the first respiratory tracts, asthma, intoxication and can-
cer [20–24]. It has been estimated that every year more than two million of deaths are
caused by aerosol pollution [25, 26].

In order to understand the processes involved in the aerosols life and its geographi-
cal distribution, and to assure safe life conditions it is mandatory to continuously mon-
itor the concentration of atmospheric particulate matter and to effectively character-
ize its properties in the most accurate and widespread way as possible. Unfortunately,
aerosol instrumentation is nowadays quite bulky and expensive and this represents a
limit for capillary monitoring the atmospheric particulate. Moreover, results provided
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1.1 – A novel approach for monitoring the atmospheric particulate matter

from these instruments present significant uncertainties (which can reach also the 40%)
due to the different measurement methods employed and the wide range of possible in-
terferent which can affect this type of measurement [27].

The reference method recommended in the regulations is the gravimetric method.
It employs a sampling filter to accumulate the particulate [28,29]. The filter is weighted
before and after the deposition and the weight difference allows one to calculate the
average concentration of particulate. However, this approach, even thought very accu-
rate, requires complex filter conditioning, very expensive equipment and cannot work
in realt-time. It does not provide information about the size distribution on the parti-
cles and does not perform any further analysis such as chemical composition or light
absorption. Other measurement methods are available which are able to provide more
information about the particulate, but they are in general less accurate than the gravi-
metric approach and still quite expensive.

The developed monitoring system, even thought still in a prototyping state, tries to
overcome some of these limitations in order to provide a valid alternative to the classic
approaches for the aerosol monitoring. It has been designed to be compact, portable
and not expensive in order to make it possible to arrange a distributed monitoring net-
work which can provide a more complete information on the particulate typology and
geographical distribution. This is useful both because it can better assess the air quality
for people safety, and help to better understand many factors and processes about the
life and evolution of aerosol in the atmosphere which are still not well known. Fur-
thermore, the developed monitoring system is able to operate in real-time providing
the size distribution of the aerosol with a quite good resolution and, at the same time,
exploiting a kind of simple spectral analysis to give information of the particulate ty-
pology and chemical composition. Several versions of the system have been realized
and tested [30, 31]. They share the same sensing approach but differ according to the
filter typology employed in the measurement (more details on the realized prototypes
are provided in chapter 3).

A simplified block diagram of the monitoring system is shown in figure 1.1. The
system employs two different sampling chambers, the inlet and outlet chambers, re-
spectively connected with flexible tubes to the inlet head and to the exhausted air out-
put. A small air pump installed downstream the sampling filter forces a known air flux
throughout the system from the inlet to the outlet. The pump placement prevents any
possible contamination and measurement alterations due to the pump operation be-
cause the pump deals with already filtered clean air and there is no possibility that
either aerosol particles stick inside the pump or particles from the pump reach the fil-
ter. The sampling filter is placed between the two chambers and the outlet chamber
motion system seals the filter by using two o-rings in order to avoid any air loss during
the sampling. Aerosol particles deposit on the top surface of the filter. A back-lighting
system, installed in the outlet chamber, provides illumination for the filter and a small
high-resolution digital camera, installed in the inlet chamber, periodically takes images
of the exposed filter surface. This way the particles deposited on the filter appear as
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Figure 1.1: Simplified block diagram of the particulate monitoring system.

small dark spots on the whitish filter surface. The camera is connected to a Raspber-
ryPI, a small and cheap single-board computer, which analyzes the images and detects
the single particles estimating their size. A filter motion system, which depends on the
type of filter employed, move or change the filter when it becomes saturated.The system
also includes a real-time microcontroller employed for all the time-critical operations,
and a power interface which is responsible for properly controlling the motion system
motors. A LoRa module adds a long range wireless connectivity to the monitoring sys-
tem which can be used to remotely control the measurement process and to arrange
a distribute wireless sensing network for atmospheric aerosol. Eventually, a recharge-
able backup battery allows the system to operate for short time periods even without
a continuous main power supply (as in case of blackouts or employment in recessed
locations). The system features very small size ranging from 10 cm × 10 cm × 7 cm, for
the simplified portable version, to 20 cm × 30 cm × 12 cm for the complete tape filter
automatic version. It can be easily installed inside water-proof enclosures in order to
perform long-time outdoor measurement campaigns. Figure 1.2 shows one of the real-
ized prototypes featuring a semi-automatic filter replacement system. Almost all of the
mechanical parts have been realized by a 3D printer in PLA.

The back-lighting system employs five LEDs working at five different wavelengths
from the near IR to the UV spectrum (940 nm/880 nm, 625 nm, 528 nm, 470 nm and
375 nm). Each LED can be individually controlled by the real-time controller and the
RaspberryPI board so that it is possible take the filter images at different wavelengths.
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Figure 1.2: One of the realized particulate monitoring prototypes.

This permits to retrieve more detailed information on the captured particulate by im-
plementing a simple spectral analysis. In fact, the light absorption coefficient of the
atmospheric particulate matter changes with the light wavelength and the resulting
spectrum is a characteristic of the aerosol chemical composition and the particle surface
morphology. A suitable classification of these spectra can provide additional informa-
tion on the chemical composition of the particulate. The detection camera employed in
the system is the RaspberryPI Camera NoIR version 2, based on the IMX219 camera
sensor manufactured by Sony. This camera has been selected because of its low cost,
good performance and direct compatibility with the RasberryPI board. Anyway, other
camera models can be employed as well. This specific model features a resolution of
3280 × 2464 pixels with a spectral response starting from the IR and reaching the UV.
The different response sensibility at the different wavelengths can be compensated by
acting on the back-lighting LED current and by software image processing. In order to
achieve a suitable resolution and magnification a 20× macro lens has been added in the
inlet sampling chamber.This allows the system to achieve an effective resolution on the
filter surface of about 1 µm/pixel. The system features an automatic filter replacement
system (tape filter): when the filter saturates by due to the particle deposition, the sys-
tem changes the filter measurement spot with a new one and restart the measurement
process. This operation is performed by opening the outlet chamber, moving the filter
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tape and closing again the chamber. This ensures an automatic virtually non-stop mea-
surement for months. The filter employed in the system is a standard GF10 glass fibre
mesh filter. For the manual version of the system a circular 47 mm filter can be used,
instead the automatic version uses a tape filter of the same grade.

All the image processing is performed on-board by the RaspberryPI by a custom
software developed in the Python language by using the OpenCV library [32]. The soft-
ware selects the back-light wavelength and takes images of the filter with the camera.
The images are processed converting them to gray-scale. After this, the image is filtered
with a selective gaussian blurring andwith a kernel maskwhich increases the sharpness
of the particle spots. Then, the software detects the single spots by using a globe and a
contour detection algorithm, both available in the software and selectable according to
the specific type of measurement. Eventually, the software classifies the collected spots
according to their equivalent size. From this classification it is possible to estimate the
particle concentration in a specified size range by using the following formula:

𝐶𝑃 𝑀 =
∑𝑃 𝑀𝑚𝑎𝑥

𝑃 𝑀𝑚𝑖𝑛
𝑀𝑥 ⋅ 𝑁𝑥

𝜙𝑎𝑖𝑟 ⋅ 𝑡𝑠
(1.1)

where PMmin and PMmax define the size range, Mx is the equivalent mass of a particle
of size x, Nx is the number of particles of size x, ϕair is the air flux generated by the
pump and ts is the sampling time.

Additionally, it is virtually possible to implement on the proposed system the mea-
surement method employed by classical aethalometers. These instruments basically
measure the transmissivity of the sampling filter in order to calculate the aerosol ab-
sorption coefficient, and from this one, to estimate the aerosol concentration. In the
proposed system this can be easily implemented employing the digital camera as a sen-
sor for light intensity without any additional hardware requirement. This secondary
approach might be very useful in order to characterize the fraction of the aerosol whose
size is less than the camera resolution (1 µm for the developed prototype). Furthermore,
the software is able to compare images of the same area taken at the different wave-
lengths trying to estimate the particle amount according to their spectral response.

Preliminary measurements have been carried out in laboratory in order to asses the
performance of the system. A characterization of the air flux generated by two pumps
has been performed by using a flowmeter for recording the air flux as function of supply
voltage. These measurements have been used for calibrating the pump air flux when
used for sampling the air. Subsequently, the digital camera together with the selected
macro lens have been characterized in terms of resolution achieved on the filter surface
by taking pictures of a printed calibration grid. After these preliminary steps, the system
has been used to sample air in different locations in North of Italy. The aerosol collected
on the filters has been characterized by a Field-Emission Scanning Electron Microscope
(FE-SEM) and a first chemical characterization of some of the collected particles have
carried out by Energy Dispersive X-ray Spectrometry (EDS). Figure 1.3 shows an area of
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Figure 1.3: Micrography of a glass fibre filter exposed for 24 h in a polluted environment.
Inset (A) and (B): filter before and after the exposition.

about 800 µm× 540 µm, obtained using the electron microscope from a glass fibre filter
(GM10) exposed for 24 h in a urban polluted environment. In the same figure, images
of the filter before (A) and after (B) the exposition are reported. It is clearly visible how
the color of the filter changes after the exposition to polluted air and the particles of
several sizes and morphology captured by the filter. The aim of these tests was to assess
the retention capability of the selected filters and to provide a first morphological and
chemical characterization of the sampled aerosol particles.

After this preliminary characterization, a prototype of the system has been tested
on the field in the city of Caserta (in South of Italy), where it was available a commer-
cial particulate monitoring station featuring a laser-beam particle counter. A sampling
of one day has been carried out by both the instruments, and the results compared. Be-
cause of the quite low aerosol concentration in the location (typically about 5 µg/m3),
an high air flux of 0.5 l/min has been selected in order to increase the system sensitiv-
ity. Figure 1.4 shows a filter image taken by the prototype after a sampling of 24 h (A)
and the relative map as processed by the detection software (B). The particles captured
by the filter have been properly detected and classified according their size. Figure 1.5
reports the size distribution histogram showing how the size peak is centered on about
8 µm. By applying the formula 1.1 to the acquired data the particulate concentration in
the range 2.5 µm to 10 µm has been calculated for a final estimation of 0.36 µg/m3.
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Figure 1.4: Image of the filter exposed for 24 h in the city of Caserta (A), and the relative
particulate classification map as evaluated by the prototype software (B).

Figure 1.5: Histogram obtained by the classification of aerosol sampled in Caserta show-
ing the particle size distribution.

The obtained data were compared with the values provided by the commercial sta-
tion. The laser-beam counter provided a concentration of 4.98 µg/m3 for the PM10 and
a concentration of 4.83 µg/m3 for the PM2.5. Thus, the concentration in the size range
of 2.5 µm to 10 µm results in 0.15 µg/m3, obtained by simple subtraction between the
concentrations of PM10 and PM2.5. The results are compared in table 1.1.

The difference of values between the commercial station and the prototype is quite
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1.2 – Breath analysis and acetone gas sensing

Table 1.1: Results of the Caserta measurement campaign as provided by the commercial
particle counter and by the proposed prototype.

Commercial Station Prototype
PM10 PM2.5 PM1 PM(10-2.5) PM(10-2.5)

4.98 µg/m3 4.83 µg/m3 4.25 µg/m3 0.15 µg/m3 0.36 µg/m3

large. Anyway, the two values are still comparable and it should be taken into ac-
count that the nominal accuracy of the commercial station can be also in the order
of 20% ∼ 30%, according to the particle type and environmental conditions. Thus, re-
sults provided by the prototype are reasonably similar to the results of the commercial
station but at a lower cost and with more detailed information on the particulate type.
Further tests should be performed in order to better assess the performance and the
accuracy of the proposed monitoring system. Unfortunately, at this time, it was not
possible to find a calibrated device available for performing such additional tests. Ad-
ditional details on the operation of the proposed system and the results obtained are
provided in chapter 3.

1.2 Breath analysis and acetone gas sensing
Gas sensors find application in several fields going from industry, public security

and environmental monitoring, for detecting harmful gases, to medical treatment and
diagnosis. Many of these applications require very sensible sensors because typical gas
concentrations can be of few ppm or ppb [33–35]. Also, it is often required to have
low power consumption and small dimension in order to have measurement systems
that can be portable and easily usable on the field. Nowadays, great research efforts are
carried out in order to reduce the invasiveness of medical tests and diagnosis, and in this
framework, the breath analysis is one of the most promising technique for revealing
and monitoring a wide set of diseases. It is well known that human breath contains
hundreds of gaseous species and compounds which evaporates from the blood stream
in the alveoli during exhalation of the breath. Thus, by measuring the concentration of
these species it is possible to detect their concentration in the blood of the patient and
to gather information which can be similar to a classic blood analysis. Several of these
gaseous compounds, called biomarkers, are characteristic of specific diseases and their
presence in the human breath can be sufficient to perform a preliminary diagnosis or to
monitor the state of a specific disease. Key factors for a breath analysis gas sensor are the
sensitivity and the selectivity, because the human breath is a very complex mixture of
gases and the biomarkers are typically found in traces [36–39]. Thus, high performance
gas sensors tailored for a specific volatile compound are required for this application.
Several typologies of gas sensors has been exploited with different results in the past
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few years [40–47], but the most promising for breath analysis are surely themetal oxide
semiconductor sensors, the electrochemical gas sensors and the optical sensors, because
of their high sensitivity, good selectivity, quite low-power consumption and small size.
They can be easily arranged in arrays in order to increases gas selectivity and achieve a
so called electronic nose, a sensing system able to discriminate between several gaseous
compounds and measure their concentrations [48].

Metal oxide conductometric gas sensors base their working on reversible adsorption
reactions occurring in vacancies and broken bonds present on the sensing surface, typ-
ically made by a metal oxide [49–52]. This sensing layer has a semiconducting behavior
which can be either N-type or P-Type according to the vacancy type. The gas molecules
present in the air are adsorbed by weak bonds to these vacancies and this changes the
electronic band structure of the sensing film with the creation of new states. As con-
sequence, the conductivity of the sensor changes in function of the gas concentration
reacting on the surface. The relative variation of the sensor resistance, usually taken as
output response, is defined as ratio between the resistances of the sensor Ra and Rg
respectively measured in absence and presence of the target gas:

𝑆 = 𝑅𝑎/𝑅𝑔 (for reducing gases)
𝑆 = 𝑅𝑔/𝑅𝑎 (for oxidizing gases)

(1.2)

The sensor sensing performance, basically, depends on the surface reactions be-
tween the sensing film and the gases, and these reactions depend mainly by the sensing
film material and by its surface morphology [53]. In particular, the material defines
which gases can be detected by the sensor, and the morphology defines the sensitivity.
As an example, increasing the surface-to-volume ratio of the sensing layer involves a
significant increasing in the sensor response and sensitivity towards the target gases
because of the increasing number of the vacancy number. For these reasons, nowa-
days, most of the research in this topic is focusing on developing new materials and
new deposition techniques in order to achieve nanostructured sensing films featuring
high surface-to-volume ratios togetherwith good reactivity and selectivity towards spe-
cific gases. Composite materials obtained by mixing different metal oxides or metal ox-
ides with metals or non-metals nanomaterials, such as gold and silver nanoparticles,
graphene or carbon nanotubes, have been exploited with success [53–57]. Another im-
portant factor impacting the sensor response is the working temperature. In fact, for
a given material and gas, the balance between surface adsorption and desorption pro-
cesses is controlled by the temperature. In particular, increasing the working tempera-
ture has a first effect to enhance the surface reactivity and as consequence the sensor
response increases. However, increasing the temperature also increases the desorption
processes, being the thermal energy the principal cause to the breaking of adsorption
bonds. Thus, the sensor response typical features a bell-shaped characteristic curve in
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1.2 – Breath analysis and acetone gas sensing

function of temperature, with an optimalworking temperature typically in the range be-
tween 100 ∘C and 600 ∘C [58], even thought some study reported about highly perform-
ing sensors based on nanostructured materials working at room temperature [59, 60].

There are hundreds of works proposing novel conductometric gas sensors based on
metal oxides, such as ZnO, SnO2, WO3 andmany others, but only few of them studied or
employed the Nb2O5 as sensing material, even thought its sensing properties are quite
interesting [61–63]. In this framework, several conductometric gas sensors, based on
a niobium oxide thin film, have been developed and tested with the goal to develop a
high-performance sensor for medical and industrial application with a specific interest
in the breath analysis technique. Those sensors demonstrated very good sensitivity and
selectivity towards acetone, a volatile organic compound found in human breath, and
a possible biomarker for diabetes [64]. Several studies put in evidence how acetone
concentration in human breath greater than about 1 ∼ 2 ppm are indicative of diabetes
in the subject [65, 66].

Figure 1.6 shows one of the realized sensor prototypes. In the figure are visible:

• The alumina substrate with dimensions of 6 mm×3 mm and a thickness of 1 mm.
This substrate with the screen-printed electrodes is available off-the-shelf ready
to be deposited.

• The platinum interdigitated electrodes (IDEs) and the deposited Nb2O5 sensing
film, on the top side of the substrate. The interdigitated structure helps to achieve
a lower base resistance of the sensor. The sensing thin film, visible as a opales-
cent darker square, is deposited upon the IDEs and has an active area of about
3 mm × 3 mm.

• The platinum heater, on the back side. This heater is employed to set the working
temperature of the sensor.

• The contacts, on both sides, which are used to connect the sensor to the read-out
electronic system.The read-out system has to drive the heater in order to properly
control the working temperature of the sensor and, at the same time, to measure
the sensor resistance for evaluating the actual gas concentration.

The Nb2O5 thin film has been deposited by reactive magnetron sputtering in the
laboratory-scale plasma reactor shown in figure 1.7.The reactor has a stainless steel vac-
uum chamber with two asymmetric parallel-plate capacitively-coupled electrodes. The
cathode electrode, made of the target metal, is connected to an an RF power generator
working at 13.56 MHz. An impedance matching network allows one to properly adapt
the power supply output impedance to the reactor one in order to maximize the power
transfer. The substrates are placed on the ground electrode (anode) which is provided
with a dedicated cooling system for stabilizing the deposition temperature. Because of
the plasma generated between the two plates, the target is etched by sputtering and,
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Figure 1.6: One of the sensor prototypes realized by plasma sputtering.

Figure 1.7: Plasma reactor employed for the deposition of the sensor prototypes.

after reacting with the gases present in the reaction chamber, finally deposits on the
anode and, thus, on the substrates. All the depositions have been performed employing
a target of Nb (99.99% purity) attached on the cathode, and a controlled mixture of Ar
(99.99% purity) and O2 (99.99% purity) at the plasma floating temperature (𝑇 < 60 ∘C)
with a total pressure of 100 mTorr.

Several different combinations of the deposition parameters (O2/Ar flux rate ratio,
RF power and deposition time) have been tested and the most promising prototypes
have been fully characterized. Table 1.2 reports, for each one of the characterized sen-
sors, the deposition parameters and the resulting film thickness.

A preliminary characterization of the chemical composition and surface morphol-
ogy has been carried out for each prototype. The Field Emission Scanning Electron Mi-
croscopy (FESEM) has been employed to characterize the structure and the morphology
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Table 1.2: Deposition parameters of four of the realized prototypes and the resulting
film thickness.

Prototype O2 ( sccm) Ar ( sccm) RF Power ( W) Dep. Time ( min) Thickness ( nm)

#1 50 20 150 60 160
#2 50 20 250 30 200
#3 50 20 500 30 500
#4 50 20 500 60 900

900 nm
20 nm

Figure 1.8: Image showing the section (left) and surface morphology (right) of the film
deposited on prototype #4.

of the deposited films. Several images of the films were taken with a Supra 40 FESEM
(Zeiss) and revealed two different cases. Thin films (#1 and #2) feature a quite compact
structure with a smooth surface. Thick films (#3 and #4), instead, have a porous struc-
ture mainly composed of thin vertically aligned nano-rods with diameters ranging from
10 nm to 20 nm. It is possible to note that the film thickness increases with the power
and the deposition time. As an example, figure 1.8 shows the film section and its surface
morphology for the prototype #4.

The X-ray Photoelectron Spectroscopy analysis (XPS), performed with a PHI Model
5000 equipped with an aluminum anode monochromatic source (1486 eV energy) and
operating at a pressure below 5 × 10−8 mbar, a power of 25 W and an high-resolution
scan pass energy of 11.75 eV, revealed for all the samples that the deposited film is
mainly composed by niobium oxide with an oxidation state corresponding to Nb2O5(V).
As an example, in figure 1.9 it is reported the XPS spectrum for the sample #3, cor-
rected using as reference energy the C 1s line (284.6 eV). The C 1s, O 1s and Nb 3d
lines are clearly visible. In particular, the two peaks at 207.1 eV and 209.8 eV, repre-
senting respectively the doublet of Nb 3d5/2 and of Nb 3d3/2, confirm that the principal
component of the deposited film is Nb2O5.

Subsequently, a characterization of the sensing performance for the four prototypes
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Figure 1.9: The XPS spectrum acquired on the prototype #3 (left) and the detail of the
Nb2O5 characteristic peaks (right).

was performed. A lab-scale measurement setup, specifically designed for the character-
ization of gas sensors, was used. The setup, shown in figure 1.10, employs certified gas
bottles and mass flow controllers to generate an accurate gas mixture. The sensor un-
der measurement is placed inside a small chamber, where the generated gas mixture
is made to flow at a specified flow rate. A digitally controlled power supply (Agilent
E3632A) is used together with a software application to set the working temperature of
the sensor by modulating current and voltage passing in the sensor heater and measur-
ing its resistance. The sensor resistance is measured by using a source meter Keithley
6487 and acquired by a computer application. Before starting the characterization, each
sensor was conditioned in air at a temperature of 400 ∘C for 2 h in order to remove any
possible contaminants and to stabilize the Nb2O5 film. Then the sensing performance
were characterized by using synthetic dry air (80% N2 and 20% O2) as carrier gas and
a variable amount of the target gas.

First characterization evaluated the dependence of the sensor sensitivity as function
of the working temperature. Measurements were performed on the prototypes #1, #2
and #4 with 5 ppm of acetone at five different temperatures in the range of 200 ∘C to
400 ∘C. Experimental data are shown in figure 1.11. It is possible to see how the tested
prototypes have a quite different temperature dependence. In fact, sensors #1 and #2
exhibit maximum sensitivity at a working temperature of 350 ∘C. Instead, best response
of sensor #4 is achieved at a temperature of 300 ∘C. Furthermore, it is possible to note
how the sensitivity of sensors #2 is much higher than the other two.

This characterization allowed one to assess the best working temperature for the
prototypes: 350 ∘C and 300 ∘C respectively for sensor #2 and #4. Such temperatures
were employed for all the subsequent tests. Also response and recovery times of both
sensors where assessed and the data are shown in figure 1.12. It is possible to note how
sensor #2 is characterized by an extremely fast response and recovery time, respectively
in the order of 5 s and 40 s. Moreover, such times are almost independent from working
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Figure 1.10: Block diagram of the measurement setup employed for the characterization
of the prototypes sensing performance.

Figure 1.11: Dependence of the sensor sensitivity towards working temperature in the
range of 200 ∘C to 400 ∘C.

temperature. Instead, sensor #4 exhibitsmuch higher response and recovery times in the
order of 120 swith a strong dependence from the working temperature. This difference
can be explained taking in account the different morphology and thickness of the two
sensing films: acetone interaction with the sensor #2 does not involve any significant
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Figure 1.12: Response and recovery times obtained with 5 ppm of acetone for both sen-
sors #2 and #4.

diffusion process due to its low thickness and high compactness.
Subsequently, the response of the sensors #2 and #4 were evaluated at different ace-

tone concentrations. Results of this characterization are shown in figure 1.13 and 1.14,
respectively, for sensor #2 and #4. Here, it is evident the significant difference in sensi-
tivity between the two prototypes. Sensor #2 has a much higher sensitivity but a lower
saturation limit. In particular, its response can be considered linear up to a concentra-
tion of 3 ppm. At higher concentrations its response saturates quickly up to reaching a
complete saturation at about 12 ppm. In contrast, sensor #4 exhibits a lower sensitivity
but with a much higher saturation limit. Its response is almost linear up to 10 ppm and
still does not reach a complete saturation at 50 ppm.

Linear and quadratic fittings of the experimental data were performed with the aim
of determining a mathematical relation able to model the sensor sensitivities in the
tested ranges. This allowed one to find the following relations:

Sensor #2
𝑋 = 4.16 ⋅ (𝑆 − 1) (X ⩽ 3 ppm)

𝑋 = 13.1 − √206 − 35.1 ⋅ 𝑆 (X ⩽ 12 ppm)
Sensor #4

𝑋 = 1.5 ⋅ (𝑆 − 1) (X ⩽ 10 ppm)

𝑋 = 122 − √15900 − 1000 ⋅ 𝑆 (X ⩽ 50 ppm)

(1.3)

where 𝑋 is the acetone concentration and 𝑆 = 𝑅𝑎/𝑅𝑔 is the measured sensor response
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Figure 1.13: Sensitivity of sensor #2 towards acetone in a concentration range of 1 ppm
to 10 ppm and the calibration curves obtained from the experimental data.

Figure 1.14: Sensitivity of sensor #4 towards acetone in a concentration range of 1 ppm
to 40 ppm and the calibration curves obtained from the experimental data.

as defined in equation 1.2. Thus, by using these relations it is possible determine the
acetone concentration from the measurement of the sensor resistance.

Next characterization performed on the sensors was the selectivity test. The re-
sponse of both sensors were acquired using different target gases and compared with
the response to acetone in order to assess howmuch these interferent gas can affect the
measurement of acetone. Figure 1.15 reports the acquired normalized responses. It is
visible how all the tested gases have a response that is significantly lower than the ace-
tone one, especially for sensor #4. In particular, the response to CO2 and to O2, which
are typically present in the human breath in large concentration, are negligible. The
only significant interferent gas detect was ethanol. Anyhow, this does not represent a
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Figure 1.15: Normalized responses to acetone and principal interferent gases for both
sensors #2 and #4.

significant issue for the employment of the proposed sensor in the breath analysis of
diabetes. In fact, ethanol is present in the exhaled breath at significant concentrations
only after the intake of alcohol. Therefore, avoiding any alcohol assumption before the
acetone test is enough to avoid such an interference. The quite good response of sensor
#2 towards ethanol suggested to perform additional tests in order to better assess the
sensing performance towards this gas. These additional tests are demonstrating good
performance also towards ethanol at concentration up to hundreds ppm. By taking
advantage of such response it is possible to employ such sensors for the detection of
ethanol as well.

Eventually, sensor stability and recovery capability were also assessed with a dedi-
cated test. The response to several repeated acetone pulses at a concentration of 5 ppm
was acquired for both sensors. As an example, figure 1.16 shows five repeated pulses: no
significant offset or hysteresis in the sensor responses can be observed. Moreover, both
sensors recover after each acetone pulse to their respective reference resistance. This
highlights the reversibility of the reactions occurring on the sensor sensing surface.

In conclusion, the proposed sensors demonstrated very good sensing performance
towards acetone. The sensitivity of both sensors #2 and #4 is suitable for the detection
of acetone at the ppm level with operative temperatures between 300 ∘C and 350 ∘C.
Sensor #2, thanks to its high sensitivity, is particularly suitable in applications where
a very low acetone concentration is expected, also below the ppm level. In contrast,
sensor #4 is more suitable in applications where the expected acetone concentration is
higher, because of its larger saturation level. Both sensors exhibits a very good stabil-
ity with negligible drift also after repeated interactions with many interferent gases,
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Figure 1.16: Response to five repeated acetone pulses at a concentration of 5 ppm re-
spectively for sensor #2 (left side) and sensor #4 (right side).

including very aggressive ones such as NO2 and NH3. Furthermore, sensor #2 demon-
strated extremely fast response time, in the order of few seconds.This is a characteristic
not always easy to obtain with MOX sensors and very desirable in many fields, such
as the breath analysis: a fast response of the sensor can reduce the patient effort and
stress during a breath sample. Selectivity of both sensors is excellent towards acetone
with only ethanol as possible interferent gas. Additional details and data are reported
in chapter 5 both for acetone and ethanol tests.
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Chapter 2

Atmospheric particulate matter

Atmospheric particulate matter, or aerosol, is one of the most dangerous pollutants
for human health and climate. It is composed by tiny solid and liquid particles sus-
pended in the atmosphere with sizes ranging from few nanometers to several hundreds
micrometers. Its effects on human health are well known: transitory inflammation of
the respiratory system, lung cancer, intoxication and cardiovascular diseases, just to
name few of them. Particulate has also several effects on climate and among them there
are direct and indirect climate forcing.

Monitoring of the atmospheric particulate matter is, therefore, mandatory in order
to safeguard human health and assess its geographical and temporal distribution. Un-
fortunately, the instruments available nowadays are typically expensive and bulky, and
this limits their employment in several applications such as the capillary monitoring
of particulate in urban areas. Such a monitoring is extremely important because of the
high particulate concentration and the high population density reached in big cities.

With the aim of finding an alternative to conventional particulate monitoring sys-
tems, a low-cost portable solution for the aerosol monitoring based on an novel optical
approach was developed and characterized.

This chapter introduces the topic providing in section 2.1 some generic informa-
tion of the atmospheric particulate matter, its principal characteristic, sources and ef-
fects. Section 2.2 gives a summary on the current state-of-art equipment employed in
the aerosol measurements. The proposed solution is described in chapter 3, where ad-
vantages and drawbacks in respect to the conventional methods are also highlighted.
Eventually, section 3.2 reports the achieved results and the characterizations performed
in order to validate the performance of the proposed monitoring system.
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2 – Atmospheric particulate matter

2.1 Atmospheric aerosol basics
Atmospheric particulatematter, or aerosol, is a mixture of minute solid or liquid par-

ticles suspended in the atmosphere. The characteristics of these particles is highly vari-
able, but they are usually classified according to their mechanical, physical and chemical
properties, and according to their origin. Basically, particulate matter can be composed
by carbonaceous particles, including elemental carbon and organic compounds, min-
eral dust and inorganic salts, with size ranging from tens of nanometers to hundreds
of micrometers [6, 7]. Harmful particulate matter is mostly produced by human activ-
ities and its geographical distribution is very variable in space and time, and strongly
affected by the local weather conditions [67].

2.1.1 Main properties of particulate matter
Even though many efforts have been carried out in last years in order to achieve

a standard classification or nomenclature about the particulate matter, till now there
is no one common agreement on the topic [8]. However, the effects of atmospheric
particulate matter are strongly related with its properties. Thus, it is very important to
accurately define the most important ones.

• Size and morphology – The term size refers to the dimension of the single par-
ticles composing the aerosol. These dimensions are usually in the range of about
10 nm (such as ultra-fine particulate produced by combustion of fossil fuels) to
100 μm (like mineral dust generated by natural erosion). However, these particles
are characterized by an highly variantmorphology: spherules, wired-shaped par-
ticles, conglomerates, fractal-like chains and many others. Size of particles can be
evaluated after deposition by using optical and electronic microscopes. Because
morphology strongly affects the aerodynamic behavior of the particle and the
way they interact mechanically with the environment, it is of common use, espe-
cially within the framework of legislative regulations, to refer to the equivalent
aerodynamic size of particles using the “PM Scale”. An arbitrary-shaped particle
having an aerodynamic equivalent size of 𝑥 μm behaves into the air in the same
way as a spherical particle having a diameter of 𝑥 μm and a density of 1 kg/dm3.
According to the PM Scale, for example, PM10 refers to the amount of particles
having an average aerodynamic equivalent size less than or equal to 10 µm. Com-
monly used standard sizes for monitoring particulate matter in urban environ-
ments are PM10, PM2.5 and PM1. Often, regarding the particulate size, the terms
coarse particles, fine particles and ultra-fine particles refer respectively to parti-
cles having an equivalent diameter greater than 2 µm, less than 2 µm but greater
than 200 nm and less than 200 nm. The term aerosol is commonly used for fine
and ultra-fine particulates which are characterized by a longer lifetime [7].
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• Microstructure – The microstructure of an aerosol particle is both a superfi-
cial and bulk property and refers to the way atoms or molecules are arranged in
the particle. Microstructure strongly affects thermal and chemical interaction be-
tween particles and environment, and the light absorption coefficient.Microstruc-
ture depends mainly on chemical composition of the particle and its source (i.e.
the processes involved in its production). As an example, porosity of a particle
depends on its microstructure. Particles characterized by an high porosity can
have larger light absorption or can be more reactive than less porous particles
even with the same chemical composition.

• Chemical composition – Chemical composition refers to the elements contained
in the particles. They can be very different according to the aerosol source and
the processes the particle has seen during its lifetime. As reported in section 2.1.2,
the most common compositions of atmospheric particulate matter are: carbona-
ceous materials, inorganic salts and mineral dust [7–9]. Chemical composition is
a very important property of particulates because it affects other properties like
light absorption, chemical and thermal stability, and solubility. Moreover, sev-
eral harmful effects, such as toxicity and carcinogenicity, depend on the chemical
compounds present in the particles. Chemical composition can change during
the aerosol lifetime by reaction with the atmosphere and other particulates, or
degradation by thermal and radiative processes. Often particulate matter is char-
acterized by a mixed composition or conglomerates featuring different types of
particles, and this makes more difficult achieve a reliable characterization.

• Light absorption – Light absorption is directly linked to the effects of particu-
late on the climate. With light absorption is intended the capability of particles
to absorb the incident light transforming electromagnetic energy into thermal
energy. It is well known that, when light interacts with the matter, or in this
specific case with an aerosol, part of incident energy is transmitted, part is re-
flected (or scattered) and the remaining part is absorbed and transformed in ther-
mal energy inside the particles. This process depends mainly from the specific
material (chemical composition), its microstructure and surface morphology, and
the wavelength of the incident light. Several types of aerosol have quite specific
absorption spectra which can be used to identify their species. Regarding the
particulate species and their light absorption it is possible to identify three main
categories: mineral dust, black carbon and brown carbon [9] which are discussed
in more detail in section 2.1.2.

• Solubility – Solubility refers to the capability of a specified type of atmospheric
particulate to dissolve in the atmosphere or in water. Solubility in the atmosphere
occurs by reaction of the particles with gases normally present in the atmosphere,
instead, solubility in water mainly occurs in clouds with the dissolution of the
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particles in the droplets. Solubility of aerosols depends mainly on chemical com-
position, morphology andmicrostructure of the particles. Black carbon, for exam-
ple, is almost insoluble in any solvent, instead inorganic salts are usually highly
soluble in water [68].

• Thermal and chemical stability – The term chemical stability expresses the
ability of a given atmospheric particulate to do not chemically react with the en-
vironment and other particles. Such a kind of aerosol can remain into the atmo-
sphere for long time without changing its chemical properties. Instead, the term
thermal stability refers to the capability of a particulate to sustain heat (high tem-
peratures) without degrading or changing its mechanical, physical, and chemical
properties. For example, elemental carbon aerosols are know to have a very high
thermal and chemical stability [8, 69, 70].

• Lifetime – Lifetime of atmospheric particulate matter refers to the average time a
given particulate specie remains suspended in the atmosphere before depositing
on the earth or degrading chemically or thermally. Even though these removal
processes are till now not well understood [71], deposition by wet precipitations
can be considered the dominant process of removal [72]. In this process, the par-
ticles acts as nucleation for condensation in the clouds or are captured by cloud
droplets and deposit with the precipitations. From direct observations and mod-
eling, lifetimes of atmospheric particulate matter range from few days to some
month [71], with an high variability due to size, chemical composition and lo-
cal weather conditions but, in general, finer particles have longer lifetimes than
coarse one.

It is extremely difficult to provide a comprehensive classification of the different
types of aerosols due to the high variability of their characteristics. The section 2.1.2
discusses in detail the most important types of atmospheric particulate matter.

2.1.2 Widespread particulate types
Among all different types of aerosols, the most important for their amount in the

atmosphere and their effects surely are: inorganic salts, mineral dust and carbonaceous
materials, especially black carbon and brown carbon [7–9].

Inorganic salts – Inorganic salts are usually highly soluble in water and, among
them, the most widespread is in the form of mixture of various sulfate and nitrate com-
pounds (especially ammonium sulfate, sodium chloride, sodium sulfate and sodium ni-
trate). Their solubility depends from several factors, size, shape, morphology and the
possible coverage of particles with insoluble nanometric particles [68].They can also re-
act chemical producing secondary aerosols with formation of acids and insoluble com-
pounds, especially when naturally originated aerosols react in polluted areas [73–75].
Partially, these aerosol are naturally originated by sea sprays, but a non-negligible part
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of them derives from combustion of fossil fuels and industrial process. Due to the highly
solubility, these aerosols dissolve in the cloud droplets precipitating on earth through
wet deposition.Their lifetime is quite small, from days to oneweek according toweather
conditions and processes they are subjected to. Generally, inorganic salts exhibit an high
scattering of light with quite low absorption, but high-absorbing secondary aerosols can
be generated by interaction with other species [13, 75, 76].

Mineral dust – Mineral dust is the most abundant particulate matter present in
the atmosphere. Mineral dust are primary produced by natural sources (earth crust ero-
sion, soil dust, volcanic activities) but also human activities, such as mining, deforesta-
tion and forest fires, contribute to increase its concentration in the atmosphere [7, 13].
The mineral content includes silicates, quartz, hematite, clay minerals, calcite, gypsum
just to cite few of them. Moreover, these mineral are usually present as a mixture in the
aerosol.Thus, due to their highly variable properties (size, composition, morphology), it
results quite difficult to accurately characterize this kind of particulate and its effects on
the climate. Typical sizes range from 100 nm to 100 µm with shapes which are usually
non-spherical. Deposition is usually dominated by gravitational settlement for coarse
particles and by wet deposition for fine aerosols with highly variant lifetimes. The ab-
sorption spectra can largely change in dependence of the mineral content, but typically
they exhibit a non-constant absorption with large variations in the near IR and UV re-
gions of the solar spectrum. Quartz aerosol are very abundant in the atmosphere and
they are characterized by a strong absorption in the near IR and almost no absorption
in the visible and UV regions of the solar spectrum. Hematite and clay minerals exhibit
a strong absorption in the visible and UV regions. There is not a general agreement
about the effects of mineral dust aerosols. Some studies show that their absorption and
scattering balance can have a significant effect on the atmosphere heating enhanced by
their abundance [13, 77, 78].

Black carbon – Black carbon is an extremely important aerosol type due to its se-
vere effects on climate and human health. It is a carbonaceous particulate matter char-
acterized by a deep black appearance and an absorbing coefficient which is inversely
proportional to the wavelength of the incident light (the imaginary part of its refractive
index is almost independent from wavelength) [9,79,80]. This large absorption of solar
radiation makes the black carbon one of the main causes of radiative forcing of atmo-
sphere. Black carbon is produced by combustion of fossil fuels and biomass and its emis-
sion is in the order of 10 Tg/year [81]. The processes involved in its generation are quite
complex. They start from the pyrolysis of the fuel with generation of small molecules
mainly composed by polycyclic aromatic hydrocarbons. These molecules grow up pro-
ducing small particle nuclei which start absorbing gas molecules or conglomerating
with other particles. Particles are usually hydrophobic with a low solubility in atmo-
spheric water, even though it is reported that part of them can react in the atmosphere
and become hydrophilic. Deposition can occur by several processes but dry and wet
ones are dominant with a typical lifetime of one week [82, 83]. Terms as soot, insoluble
carbon, elemental carbon or graphitic carbon are often referred to black carbon aerosols,
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because of their black appearance and strong absorbing coefficient. However, they dif-
fer for chemical composition, microstructure and thermal stability from what is com-
monly considered black carbon. In particular, elemental and graphitic carbon contain
only carbon. They are characterized by an high thermal stability (refractory material)
and usually a low chemical reactivity with other species (insoluble in almost every sol-
vent) [84].

Brown carbon – Brown carbon, in analogy with black carbon, is a carbonaceous
particulate which appearance is brownish. It is composed mainly by organic carbona-
ceous compounds, especially the water soluble fraction, and humic substances. It is
characterized by an strong light absorption in the higher part of visible spectrum and
in the UV [85–88]. Its origin is still not well understood, but smoldering combustion
of the biomass seems to be its main source [89]. Brown carbon acts in a way similar
to black carbon with a radiative forcing effect. Furthermore, the organic compounds
composing brown carbon can be extremely harmful for human health.

2.1.3 Primary and secondary sources of atmospheric particulate
matter

In the previous sections several sources for the atmospheric particulate matter have
been presented. Actually, the processes at the base of the particulate production are
quite complex and typically more processes can coexist in the formation of an aerosol.
Identifying the source a specific aerosol is very important because most of the particle
properties, lifetime and geographical distribution depend on its production processes.
The sources, which directly emits the particulate in the atmosphere, are called primary
sources and are responsible for the emission of the larger part of total atmospheric mat-
ter. However, particulate can be generated in several other ways. A part of the primary
particulate can react with other species in the atmosphere generating other particulate
types, or new particles can be produced by chemical reactions directly in the atmo-
sphere (airborne aerosol) [14, 90]. Such sources are, therefore, called secondary sources
and their contribution to the total particulate amount and to local and global effects are
surely not negligible. In particular, airborne particulates are strictly depending on the
local atmospheric composition (which can change with time and space) and by weather
conditions. Thus, the production of airborne particulate is extremely difficult to study.
As already partially discussed, not all the atmospheric particulate matter is introduced
into the atmosphere by anthropogenic activities. A significant part is generated by nat-
ural sources, and it can enhance or contrast the effects of the anthropogenic part. Many
studies have tried to estimate the global emission of particulate (especially the carbona-
ceous one). Of course, such estimations cannot accurately describe the actual situation,
but they can provide a qualitative indication of the amount of particulate yearly in-
troduced in the atmosphere. Table 2.1 summarizes the results of a model which tries to
simulate the particulate behavior on a global scale [67], dividing the emission by source.
Some interesting considerations can be done on these data:
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Table 2.1: Global emissions of fine carbonaceous aerosols as estimated by [67].

source black carbon aerosol ( Tg/year) organic carbon aerosol ( Tg/year)

fossil fuels 6.64 28.5
biomass 5.63 44.6
natural sources 0 7.8

1. The largest part of carbonaceous aerosol is of organic.

2. The dominant source is the combustion of biomass (burning of tropical forests
and savannas, agriculture, home heating, etc.).

3. Natural sources (photochemical oxidation of terpeni emitted by vegetation) are
responsible with the least amount, but they not negligible. The only electrophilic
gases present in the atmosphere in concentrations high enough to photochemi-
cally produce oxidization are hydroxyl radicals (OH), ozone (O3) and nitrate radi-
cals (NO3). The concentration of these gases change according to the hour of the
day (day or night) and to the incident radiation. In order to have condensation
or nucleation of the oxidized species with the formation of new particles it is re-
quired that the oxidation reaction has a sufficient speed and that the product has
a vapor pressure higher than the source gases [90].

4. The main source of black carbon is the combustion of fossil fuels with properties
depending on the temperature, oxygen level and fuel type employed during the
combustion (transportation, industries, electricity generation).

5. No black carbon is introduced naturally in the atmosphere.

Beside the classical particulate sources, which have been already discussed, there
are some that are usually underestimated. One of them is the natural degradation of
bulk vegetables which involves the emission of quite large organic particles that can
be transported very far by source due to wind circulation (i.e. aeolian dust on the At-
lantic Ocean) [91]. The vegetation also introduces other types of particles: pollen and
spores. A part of atmospheric particulate is composed by living beings: viruses and
bacteria are found ubiquitously in air. Other natural source of organic particulate is the
sea. Sea bubbles breaking on the sea surface emit large quantities of particulate mainly
composed by soluble salts. However, many studies have proved which part of these
particulates includes organic compounds as coating of the salt nuclei [92, 93]. Lastly, a
small part of atmospheric particulate is radioactive for direct emission by radioactive
material (nuclear reactors, nuclear weapons, natural erosion of radioactive materials)
and for contamination of already emitted particles [94–96].
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2.1.4 Main effects of atmospheric particulate matter
Atmospheric particulate matter, or aerosol, has several severe effects both on cli-

mate and human health [10–14, 25, 26]. The harmful effects of atmospheric particulate
matter on human health are well known and theWorld Health Organization (WHO) es-
timated in more than two millions the deaths by year due to atmospheric pollution and
particulate [25]. Health risks for humans derive by direct inhalation of aerosols, which
can contains several very toxic and carcinogenic compounds. Particles enter the first
respiratory system inducing transitory respiratory problems: inflammations, allergies,
reduction of the respiratory capability and bronchitis [20,21]. Particle whose size is less
the few micrometers can enter the secondary respiratory system (bronchi and alveoli).
Such particles are responsible of acute diseases such as chronic asthma, emphysema
and lung cancer [21, 22].

Toxic compounds and finer particles (nanometric scale) can enter the blood stream
generating cardiovascular diseases, cancer and intoxication [21, 23, 24]. Among all the
highly toxic organic compounds commonly found in the aerosol, both in bulk and ab-
sorbed forms, there are: polycyclic aromatic hydrocarbons (PAHs), and organoclorine
compound including polyclorinated biphenyls (PCBs). These compounds are produced
in the incomplete combustion of fossil fuels, biomass and organic materials (combus-
tion engines, industrial activities and petroleum refineries) [7, 97] and, subsequently,
they are absorbed on other particles produced in the same activities. Thanks to the
atmospheric matter transport processes these compounds have been detected in signif-
icant amount also in remote region of the earth (arctic snows, seawater), where no one
of their sources is present [98]. In particular, PAHs are extremely toxic and their muta-
genic and carcinogenic properties have been proved even at very low concentrations.
These compounds are easily absorbed by mammals and accumulate in their tissues (es-
pecially the fat ones) [97,99]. Thus, they can enter in human body directly or indirectly
by ingestion of meat.

Regarding the climate it is possible to distinguish between direct and indirect ef-
fects: atmosphere radiative forcing, cloud formation, snow and glacial melting are only
few of them [9]. It is well known how part of the atmospheric particulate matter is
characterized by having an high absorption coefficient in the solar spectrum (300 nm ∼
2500 nm) [100].Thus, particulate suspended in the atmosphere absorbs electromagnetic
energy from the solar radiation and transform it in heat. This increases the tempera-
ture of the surrounding atmosphere and, at the same time, reduces the amount of light
reaching the earth surface [101]. The consequences of such a phenomenon, called at-
mosphere radiative forcing, are manifold: changing in the atmospheric temperature and
humidity, modification of cloud formation and lifetime and, as consequence, indirect
effects on the precipitation amount [102, 103]. Particles suspended in the atmosphere,
independently from their absorption coefficient, are actively involved in the humidity
nucleation process which stand at the basis of cloud formation and evolution [104].
Moreover, the effects are enhanced by the absorption of the indirect radiation reflected
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back by the earth [12].
There are also indirect radiative forcing effects on the atmosphere. It is well known

how clouds have a negative forcing effect due to the high scattering of incident solar
radiation towards the space. Thus, cloud reduce the amount of radiation reaching the
earth surface and absorbed by the atmosphere [105, 106]. The presence of aerosols in
the atmosphere directly affects the reflectivity of clouds and change their lifetime and
distribution [107,108]. Therefore, the presence of aerosols indirectly affects the amount
of light scattered by clouds providing a secondary climate forcing that is still not well
understood and quantified [109].

Acidification of rainwater is another effect of atmospheric particulate matter. Even
though this problem has been partially contrasted by the introduction of restrictions
on the quality of fossil fuels, till nowadays, sulfuric and nitric acids are present in vari-
able concentrations in rainwater, especially in very polluted urban and industrial ar-
eas. Other types of acids have also been detected in rain samples (formic and acetic
acids) [110].

Atmospheric aerosol, according to its size, has a lifetime from few hours, for par-
ticles greater than 10 µm, to several weeks for nanometric ones. Part of it interacts
chemically or mechanically in the atmosphere in several, still not well known, processes
creating secondary particulate [90], or depositing on the earth surface at distances from
the source that can be very large. This deposition has the secondary effect to reduce the
reflective index of snow and ice surfaces (which is normally high) with the consequence
of increasing ice melting process with indirect effects on the climate [15–19].

Other effect to be mentioned is the direct reduction of visibility due to the absorp-
tion and scattering of light, especially when it is accumulated in the lowest layer of the
atmosphere [111–113]. In some specific weather conditions (stagnant air with no wind
or precipitations) the concentration of aerosol can increase at so high levels to dramat-
ically affect the visibility also at short distances. In many industrial cities, this situation
is not rare and occurs quite frequently [114].

Many other effects, not here included for brevity, are known to be dependent on the
aerosol presence in the atmosphere, and many of them are still not well understood. In
order to increase the understanding of all these processes and mitigate their effects it
is of paramount importance acquiring reliable information on the particulate proper-
ties, lifetime, transport and geographical distribution, and this requires an intense and
widespread monitoring of the atmospheric particulate matter.

2.2 Metering techniques for the atmospheric particu-
late matter

Nowadays, there are several different approaches employed for detecting the pres-
ence of atmospheric particulate matter and to measure its concentration or its proper-
ties. According to the specific application and to the environment, a proper approach
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should be adopted in order to achieve reliable and accurate results. In fact, several in-
terferents and artifacts, which in general depends on the application and the specific
measurement setup, can affect a particulate measurement. The following sections pro-
vide a brief description of some basic equipment and measurement approach typical
employed in the particulate detection.

2.2.1 Size segregation of aerosols
As described in the previous sections, effects of atmospheric particulate matter de-

pends of several of properties and especially on its size (equivalent aerodynamic size,
section 2.1.1). Thus, it is very important that the monitoring systems are selective in
size. Unfortunately, many approaches cannot discriminate particles by their size (gravi-
metric method, etc.). In such cases, it is required to employ some tool able to filter the
input particles by size allowing only a specific size range to reach the measuring sys-
tem. Such a process is called segregation and it is performed by size filters which exploit
the aerodynamic behavior of particles to select them. Most common tools are: impactors
and cyclone filters [7,115]. In general, a segregation filter allows the particles which size
is lower than a specified size to pass, cutting out the others. The critical size for which
the filter reaches a 50% of efficiency is called upper cutpoint. Instead, the slew rate of
the profile determines the filter selectivity.

Impactors are the reference segregation tools usually employed in the governmen-
tal regulations. Classic impactors are shown in figure 2.1-A. A controlled flux of air
is forced in the inlet which conduces to a well chamber. On the well bottom there is
a porous filter, maintained wet by a non-volatile oil (or other sticky surfaces con be
used). Coarse particles cannot easily deviate their trajectory because of their high in-
ertia. Therefore, such particles impact on the well bottom remaining attached on the
wet filter. Fine particles, instead, follow the air flux and go out the impactor reaching
the metering system. Some concern exists because of the possible contamination of the
sampled particles with the oil [116].

Cyclone filters, shown in figure 2.1-C, exploit the centrifugal force for selecting
particles according to their aerodynamic size: coarse particles cannot follow the air flux
and are expelled out the filter, while fine particles can reach the outlet. It is possible to
design cyclone filters which are more selective than impactors and, in general, they do
not present contamination problems [116].

Typical segregation sizes are PM10 and PM2.5. Some problem occurs when it
is required to evaluate the particulate in the range PM10 − PM2.5 (particles which
size is greater than 2.5 µm but less than 10 µm). In such a case, it is possible to use
a dichotomous sampler which employs two separate channels, one for PM10 parti-
cles and another one for PM2.5 ones. Concentrations are measured separately and
the amount of PM10 − PM2.5 is calculated by difference between the two channels:
𝐶𝑃 𝑀10−2.5 = 𝐶𝑃 𝑀10 − 𝐶𝑃 𝑀2.5.

Basically, such a measurement is performed by two different instruments and even
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Figure 2.1: Working principle for different types of segregation filters: (A) impactor, (B)
virtual impactor, and (C) cyclone filter. Blue arrows refer to the input unfiltered air,
green and red ones, respectively, to fine and coarse particle air fluxes.

small differences between them (air flux, humidity, etc.) can generate significant errors
in the evaluation of the PM10 − PM2.5 [117].

Multi-stage and virtual impactors can partially alleviate this problem performing the
sampling with a single instrument. A multi-stage impactor employs several impactors
arranged in cascade which sequentially segregate particles of different sizes.

Virtual impactors, shown in figure 2.1-B, do not have an impacting surface, but a
hole. The air flux is forced in the inlet and in a nozzle. Fine particles deviate and follow
the main air stream. Coarse particles cannot deviate and are collected in the hole with
a secondary air flux. Virtual impactors are not affected by contamination problems, but
usually their selectivity is not very high. The selection of the proper segregation filter
depends on the application and the measuring method employed.

2.2.2 Sampling filters
Many aerosol measurement methods require the sampling and the accumulation

of particulate matter on a sampling medium in order to achieve a suitable sensibility.
Porous filters are the most commonly employed sampling medium and, in general, they
are characterized by a low cost and a high efficiency. Nowadays, several type of filters
are available on-the-shelf: glass fiber filters, quartz fiber filters, teflon filters, membrane
filters and polyurethane foams. They features different characteristics (mesh size, ther-
mal stability, light absorbing spectrum, mechanical strength, differential aerodynamic
pressure, loading capability). Therefore, in order to achieve reliable measurements, a
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suitable filter type has to be selected and calibrated for each specified application, also
considering the post-sampling analysis requirements [118].

Glass fiber filters – Glass fiber filters are themost used, especially with the gravi-
metric method, and generally the cheapest ones. They are composed by very thin glass
fibers compacted together, and optionally bound with an organic binder.They are avail-
able with several standard grades of filtration referring to average mesh size and block-
ing efficiency. Such a type of filters is called deep filter because they block the particles
both on the surface and in the first layers.They have good mechanical and aerodynamic
properties, the higher loading capability, and feature an high thermal stability making
them suitable for thermal-optic and thermal-chemical post-sampling analysis. However,
they can present several contaminants (especially metals or organic compounds in the
binder) which should be considered for chemical analysis.

Quartz fiber filters – Quartz fiber filters are basically identical to the glass fiber
filters, but use quartz fibers. They have similar properties but present a wider pass-band
spectrum which make them especially suitable for light absorption measurements that
include the UV range.

Teflon filters – These filters are produced with fluoroplastic materials, which
make them very resistant to organic solvents and acids. They are surface filters captur-
ing the aerosol particles only on their surface, which results very porous with highly
controlled mesh size. Such a type of filters has good thermal stability and a low content
of contaminants. For these reasons, they are very suitable for chemical analysis, but
usually they are more expensive than other filter types.

Membrane filters – These filter can be produced by several materials which are
arranged in the form of a very thin and porous membrane. Commonmaterials are based
on cellulose compounds and typically they are hydrophobic. Such filters have a low
loading capability, but very low content of contaminants.

Polyurethane foams – Even though not so commonly used as sampling medium,
polyurethane foam presents good characteristics: large range of porosity, high purity
and high loading capability.

2.2.3 Gravimetric methods
The gravimetric method is the measurement approach recommended in most the

governmental regulations [28, 29]. It is able to provide accurate measurements on the
total amount of particulate within a specific aerodynamic size range (typical ranges are
PM10 and PM2.5) averaged along the sampling time. Unfortunately, such a method
does neither provide any detailed information on the size distribution of particles nor
a real-time amount of particulate. Furthermore, the characterization of aerosol is only
partial because such a method, when employed alone, cannot detect any other property
such as composition, morphology and light absorption. A schematic gravimetric sam-
pler and conditioning steps are shown in figure 2.2-A. Basically, an air pump generates
an accurate air flux. A segregation filter, placed on the head of the sampling system,
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cuts off the particle whose size is greater than the specified range. The air flux is forced
in the deposition filter which captures the aerosol. The difference of the filter weight
before and after the sampling represents the total amount of particles deposited on the
filter during the sampling time. Thus, it is possible to calculate the average particulate
concentration CPM, usually expressed in µg/m3, as:

𝐶𝑃 𝑀 =
𝑊1 − 𝑊0
𝜙𝑎𝑖𝑟 ⋅ 𝑡𝑠

(2.1)

where W0 and W1 are respectively the filter weight before and after the sampling
expressed in µg, ϕair is the air flux expressed in m3/min and ts is the sampling time
expressed in minutes.

However, the filter can absorb a significant amount of humidity during the sampling
process. Thus, in order to reduce the measurement uncertainty, the filters are condi-
tioned before each weighting for a fixed amount of time with specified environmental
conditions (typically 6 h at 20 ∘C and 50% RH). This turns out in additional costs and
possible errors due to the filter transportation.

Such an approach, even though very accurate, results expensive, requires bulky
equipment and a preconditioning and a post-sampling analysis in a specialized labo-
ratory. Only after the filter weighting it is possible to employ analytical methods in
order to detect chemical composition, size, morphology and absorption coefficient of
the deposited particulate.

Some alternatives have been proposed to partially overcome such limitations. They
basically try to embed a weighting system inside the sampler in order to achieve a real-
time measurement and avoid the expensive and time-consuming conditioning setup.

One possibility is the Tapered Element Oscillating Microbalance (TEOM) [119].
These systems use a sampling surface (it can be a standard sampling filter) oscillat-
ing at a specified frequency which is continuously measured by a dedicated electronic
front-end. Particles deposit on the surface changing its mass and its inertia. As con-
sequence, the oscillation frequency changes proportionally to the deposited mass. The
surface is heated at a specified temperature (typically 50 ∘C) in order to avoid errors
due to condensation of humidity or effects of the environmental temperature.

Unfortunately, this produces the evaporation of semi-volatile compounds present in
the aerosol. A possible solution to this problem is employing an oscillatingmicrobalance
operating on a filter sandwich: a first teflon filter collects the solid particulate and a
second filter, which is coated with charcoal, capture the volatile species [120]. Some
other studies report about the employment of quartz microbalancesmonitoring systems
where the particles deposit on a quartz resonator by impact or by thermal/electrostatic
precipitation [121]. Another approach is the measurement of pressure drop across the
deposition filter, which is function of the filter loading [122].

A different approach is employed by the beta attenuation meters [123]. Such in-
struments measure the attenuation of beta-particles throughout the deposition filter. A
block diagram of a beta attenuation sampler working on two particle sizes is reported in
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Figure 2.2: (A) Block diagram of a gravimetric particulate sampler and basic steps re-
quired to properly conditioning and analyzing the filter. (B) Block diagram of a two-size
beta-attenuation meter.

figure 2.2-B. Beta-particle attenuation results proportional to the aerosol mass (or thick-
ness) deposited on the sampling filter. Such a system requires one or more beta-particle
sources and the relative particle counters. The method is characterized by an high sen-
sitivity and is able to perform real-time measurements using filter tapes. However, it
still suffer by the humidity interferent and the equipment is very expensive.

In general, all the gravimetric alternative methods suffer of a reduced accuracy in
respect to the reference method due to the effects of the atmospheric humidity and
the evaporation of the volatile compounds when an heating is employed to reduce the
humidity effects.

2.2.4 Alternative measurement approaches
Several other techniques are, nowadays, available for the detection of atmospheric

particulate matter. Most of them are based on optical approaches and, in particular, on
particle light scattering and absorption.

A very accuratemethod is the photoacoustic spectroscopywhich allows one tomea-
sure the light absorption coefficient of aerosols with high sensitivity and accuracy. The
photoacoustic effect is based on the generation of acoustic waves when particles are
heated by a modulated light source. In order to make the measurement insensible to ex-
ternal noise and vibrations, the system is mounted inside an acoustic resonator which
is tuned on a specific frequency. Figure 2.3-A shows a simplified block diagram of such
a device. A laser modulated at the resonance frequency is employed as light source.
Aerosol particles, when struck by the laser beam, heat because the absorption of in-
cident light. Hot particles transmit such an heat to the surrounding air which expand

34



2.2 – Metering techniques for the atmospheric particulate matter

Figure 2.3: (A) Photoacoustic detector. (B) Incandescent particle detector. (C) Laser-
scattering detector. (D) Aethalometer.

accordingly, generating acoustic waves at the laser modulation frequency, whose am-
plitude is related to their light absorption coefficient. A microphone, placed inside the
resonator, is employed to detect such acoustic waves. Another similar approach is based
on the measurement of the refractive index of air surrounding the heated particles by
means of an interferometer.

Another technique, shown in figure 2.3-B, is the incandescence spectroscopy which
is especially useful in case of high-absorbing aerosols composed by refractory carbona-
ceous compounds. A high-power laser is used to heat the particles at temperatures as
high as they start to emit thermal radiation in the visible spectrum. A spectrophotome-
ter is employed to detect such a thermal radiation and, from it, to evaluate the light
absorption coefficient and also the aerosol mass.

Unfortunately, all these approaches employ very expensive equipment and they are
not practical in low-cost applications. An alternative to such methods, which is char-
acterized by lower cost, is the laser-scattering particle counter. Figure 2.3-C shows a
schematic diagram of such a device. Particles are forced to flow inside the detection
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chamber, where there are a low-power laser and several light detectors. One detector is
placed in-line with the laser beam in order to detect the transmitted light. One or more
other detector are placed around the chamber for detecting the scattered light. When
a particle crosses the laser beam, an attenuation of transmitted light is detected by the
first detector. At the same time, part of the incident light is scattered back by the parti-
cle and detected by the other detectors. Therefore, each particle is counted by revealing
the peaks of the detector output signals. Moreover, by measuring the peak duration it is
possible to achieve information on the particle size. Such a method is quite simple and
does not require any expensive equipment. Unfortunately, several are the uncertainty
sources for this method. As an example, particle dimension is affected by large uncer-
tainty: such a measurement depends on how light hits the particle and on the surface
characteristics.

Eventually, aethalometers are instruments able to provide reliable results at a quite
low cost. Such instruments employ a sampling filters for capturing the aerosol parti-
cles. Then, aerosol light absorption coefficient is measured by evaluating the light at-
tenuation across the loaded filter, as shown in figure 2.3-D. Main advantages of such
an approach are: high-sensitivity due to the accumulation on the filter, real-time mea-
surement, quite low-cost and the possibility to miniaturize the instrument. However,
sometimes these instruments feature a poor accuracy which depends on the environ-
mental parameters and on the particulate type itself. For such reasons, aethalometers
typically requires periodic calibrations. Moreover, they are not able to provide any in-
formation of the particle size.

There are several other approaches which can be employed for the detection of the
atmospheric particulate matter. Unfortunately, such approaches have always significant
drawbacks, or they are able to provide only a partial characterization of the aerosol.
Therefore, the development of new measurement approaches in this field is mandatory
in order to assess the effective health risk of people and, at the same time, to improve
the knowledge about the atmospheric particulate matter.
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Chapter 3

A novel camera-based approach for
real-time monitoring of atmospheric
aerosol

This chapter partially contains materials from previously published works of the author [1–4]

As explained in detail in chapter 2, atmospheric particulate matter is a complex
mixture of particles suspended in the atmosphere. Such particles, produced at different
levels both by human activities and natural processes, are responsible of several differ-
ent effects both on human health and climate. In particular, aerosol effects on human
health can be very severe, according to particle type, chemical composition, size and
concentration. Transitory diseases of the respiratory system as well as lung cancer and
cardiovascular diseases have been correlated with high concentration of atmospheric
particulate matter.

Zones characterized by high concentration of particulate are surely large cities and
industrial areas, where there are large emissions of such dangerous particles due to the
widespread combustion of fossil fuels. Unfortunately, such areas are also the ones fea-
turing the highest population density. Therefore, in such areas the problems connected
with the presence of the particulate are extremely critical and an effective monitoring
of the aerosol is mandatory in order to assure safe conditions for people. Furthermore,
in cities, the concentration of atmospheric particulate matter is quite variable with time
and space due to the local weather conditions, such as ventilation, or to the presence
of local emissions. Therefore, a capillary monitoring is required with many sampling
points spread on all the territory, especially in the more populated areas. In such an
application, the establishment of a wireless sensor network featuring many small low-
cost particulate monitoring systems distributed on the territory would be extremely
beneficial. Unfortunately, even thought several approaches are available for monitor-
ing the concentration of aerosol in the atmosphere (gravimetric methods, photoacustic
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detecton, particle counters, just to cite few of them) they usually employ quite expen-
sive and bulky devices with cost that can be in the order of several thousand dollars for
each single sampling point. Moreover, such methods typically provide only partial in-
formation on specific characteristics of the particulate, such as concentration and light
absorption coefficient, and often they are not able to provide a real-time measurement.
This severely limits their employment of such an application.

With the aim to partially solve the several drawbacks of available approaches, a
novel optical method for the detection of the atmospheric particulate matter, based
on a low-cost digital camera and standard glass fibre sampling filters, was developed
and some prototypes employing such method were realized and tested with several
measurement campaigns. Next section will describe in details the proposed approach
and the realized prototypes. Eventually, section 3.2 describes the characterizations per-
formed in order to validate the proposed approach.

3.1 The proposedmonitoring system and the analysis
software

Several are the measuring approaches employed nowadays for the detection and
the monitoring of the atmospheric particulate matter. Unfortunately, they present sev-
eral limitations and employ quite expensive equipment. For such reasons a capillary
monitoring of particulate over large areas is still a challenging issue.

A new detection approach is, therefore, proposed with the aim to partially overcome
the discussed limitations. The new approach employs a standard glass fibre filter for
sampling the air and capturing the aerosol particles. A low-cost high-resolution digital
camera takes pictures of the filter surface and a dedicated detection software provides
to detect the single particles and to estimate their equivalent size in order to evaluate
the total amount of particulate and its size distribution.

Section 3.1.1 describes the structure and the working principle of the realized pro-
totypes providing details on their implementation. Eventually, achieved results are dis-
cussed in section 3.2.

3.1.1 The monitoring system
The proposed sampling system employs a sampling mechanism which is similar

to the one employed by the standard gravimetric method, but with a quite different
detection approach based on the optical detection of the single captured particles by
means of a digital camera. Figure 3.1 shows the basic diagram of the proposed system.

An air pumping system is employed to force a known air flux through a glass fibre
filter. External air enters from a inlet tube (sampling head) and goes in the inlet sampling
chamber and, from it, directly through the sampling filter. Aerosol particles suspended
in the air are captured on the filter surface.The flux is generated by means of a small DC

38



3.1 – The proposed monitoring system and the analysis software

pump connected downstream to the outlet sampling chamber. Such a placement avoids
any possible contamination of the sampled air. Eventually, exhausted air goes out from
the outlet tube.The pump is controlled by a power interface and a controlling system so
as to force an accurate flux of air through the sampling filter. Such a flux can be, there-
fore, changed according to the specific application and the pollution level. In particular,
a low rate pumping is employed in high polluted areas in order to avoid a quick filter
saturation. Instead, higher pumping rates are required when the pollution level is low
so that the system can achieve a suitable sensitivity. A dedicated backlighting system
is hosted in the outlet sampling chamber. Such a system illuminates the sampling filter
so that the digital camera, placed in the inlet chamber, is able to take high-resolution
pictures of the sampling filter surface. In such a condition, the captured particles appear
as small dark spots over the bright filter surface. In order to achieve a suitable magni-
fication and resolution of the filter surface, a macro lens with a magnification of 20x
was mounted together with the digital camera by means of an holding structure which
allows one to focus the filter by adjusting the lens-to-camera distance. The backlighting
system is composed by five LEDs featuring different wavelengths from the IR to the UV
spectrum: 940 nm/880 nm, 625 nm, 528 nm, 470 nm and 375 nm (with the red, green
and blue wavelengths implemented by using a single RBG LED). Such LEDs can be in-
dividually controlled in order to obtain a proper illumination of the filter. In fact, the
light transmission coefficient of the aerosol particles depends by the chemical compo-
sition and the surface morphology of the particles themselves. Therefore, by properly
selecting the backlighting wavelength, it is possible to retrieve additional information
of the particulate type. All the processing and control are performed by a RaspberryPI
board (model ZeroW). This small computer-on-single-board has dimensions of about
65 mm × 30 mm and employs a ARM 32-bit processor with 512 MB of RAM. A small
real-time microcontroller (Teensy 3.2) was added to the system in order to perform low-
level operations such as motor and LED control. The RaspberryPI ZeroW features also
a Bluetooth 4.0 a WiFi connectivity so that the system can be easily interfaced to the
Internet or to any Bluetooth-capable device, such as smartphones and laptops. A small
low-power LoRa module (RF Solution, model: RF-LORA-868-SO) is connected to the
controller in order to add a long-range wireless connectivity to the monitoring system
so that it is possible to easily establish a long-range sensor network for monitoring the
atmospheric particulate matter. Eventually, the system is able to work for short time pe-
riods also without an external power supply (blackouts) thanks to a LiPo rechargeable
battery.

A RaspberryPI Camera NoIR, Version 2 was selected as detection camera because of
its good performance and the possibility to connect it directly to the RaspberryPI. Such
a camera features a resolution of 3280 px× 2464 px, and a quite wide optical spectrum
which makes possible to get pictures from the near-IR to the near-UV spectrum.

A dedicated software, written in Python, runs on the RaspberryPI and provides con-
trol to the main functions of the system. Moreover, by using the OpenCV library, such
a software is able to process the camera pictures and detecting the captured particles
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Figure 3.1: Basic diagram of the proposed system.

Figure 3.2: Measurement and image processing steps: filter exposure, image acquisi-
tion, channel extraction, selective gaussian blurring, sharpening and particle detection.
Details (A) and (B) highlight the blurring effect on the filter fibers.

by means of a blob detection algorithm.
The measurement steps performed by the software are schematically shown in fig-

ure 3.2. The filter is firstly exposed by sampling a known volume of external air. The
control system allows one to set a specified air flux by adjusting the supply of the pump.
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If 𝜙𝑎 is the selected air flux and 𝑡𝑠 is the sampling time, the total volume of air sampled
through the filter is:

𝑉𝑎 = 𝜙𝑎 ⋅ 𝑡𝑠 (3.1)

Aerosol particles suspended in the sampled air are captured by the filter. After the ex-
posure it is clearly visible the change in color of the filter. Periodically, the backlighting
system is enabled and a specific wavelength is selected by turning on the correspondent
LED.The digital camera takes pictures of the filter surface that are acquired by the Rasp-
berryPI board using the Camera Serial Interface (CSI). The detection software performs
several image processing in order to enhance the contrast of the particle spots and in-
crease their sharpness. The original camera image is decomposed in its RGB channels
and, subsequently, it is converted in a gray-scale mode by selecting the most appropri-
ate channel according to the selected backlighting wavelength. As an example, if the
picture is taken with a red backlighting, the red channel is selected. Table 3.1 reports
the selected channel for each of the available wavelengths. Subsequently, a selective
gaussian blurring is applied to the whole image with the aim to reduce the effects of
the filter fibers. Such a selective blurring acts selectively preserving the contours of the
spots and slightly blurring the other parts of the image. The blurring effect can be ob-
served in the figure 3.2, details (A) and (B).Then, a sharpening of the image is performed
by applying to the image a 2D kernel filter. The selected kernel is a 5 × 5 matrix defined
as:

𝐾 =

⎡
⎢
⎢
⎢
⎢
⎣

𝐾0 𝐾0 𝐾0 𝐾0 𝐾0
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𝐾0 𝐾1 𝐾2 𝐾1 𝐾0
𝐾0 𝐾1 𝐾1 𝐾1 𝐾0
𝐾0 𝐾0 𝐾0 𝐾0 𝐾0
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⎥
⎥
⎥
⎦

(3.2)

being 𝐾0, 𝐾1 and 𝐾2 the three kernel parameters determining the amount of sharpen-
ing performed on the image. Eventually, the blob detection algorithm is applied to the
image in order to detect the single spots due to the captured particles. Such an algo-
rithm, implemented in the OpenCV library, is based on binary matching at progressive
thresholds. This algorithm is quite flexible and features several filters which allows one
to select the blobs according to their shape, size, and color. The application of the blob
detection results in a list of detected particles with the associated equivalent size. Such
detected blobs are mapped on the original image and are employed to evaluate the par-
ticulate size distribution by means of an histogram.

The total amount of particulate can be, therefore, calculated by considering the total
exposed area of the filter 𝐴𝑒𝑥 and the effective analyzed image area 𝐴𝑒𝑓. 𝐴𝑒𝑥 depends on
the mechanical system holding the filter during the air sampling and acting as a mask.
𝐴𝑒𝑓, instead, depends on the effective area of the captured image that is analyzed by the
detection software. In fact, the original image taken by the camera is cropped slightly
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in order to eliminate the border distortions introduced by the additional macro lens.
Therefore:

𝐴𝑒𝑓 = 𝑋 ⋅ 𝑌 ⋅ 𝑟2 (3.3)

where 𝑟 is the effective camera resolution expressed in µm/pixel, 𝑋 and 𝑌 are the di-
mensions in pixel of the analyzed image.Thus, the effective sampled air volume is given
by:

𝑉𝑒𝑓 = 𝑉𝑎
𝐴𝑒𝑓

𝐴𝑒𝑥
(3.4)

Taking in consideration that the mass of an aerosol particle can be expressed as:

𝑚𝑝 = 𝛾𝜋
6

⋅ 𝑑3 (3.5)

where 𝑑 is the equivalent size of the particle (diameter) and 𝛾 its density which is usually
assumed equal to 1 kg/dm3. Therefore, it is possible to estimate the total particulate
amount 𝐶𝑃 in the range between 𝑑𝑚𝑖𝑛 to 𝑑𝑚𝑎𝑥 as:

𝐶𝑃 =
∑𝑑𝑚𝑎𝑥

𝑑𝑚𝑖𝑛
𝑚𝑥 ⋅ 𝑁𝑥

𝑉𝑒𝑓
(3.6)

where 𝑚𝑥 is the mass of one particle of size 𝑥 and 𝑁𝑥 is the number of captured particles
whose size is 𝑥.

Of course, such an approach has several limitations. Among them there is surely the
effect of the filter mesh size: the blocking efficiency of the filter depends on the average
mesh size and, therefore, only particle whose size is larger than the mesh size are effec-
tively captured by the filter. This involves a limitation on the detectable size range of
particulate. Furthermore, very small particles cannot be detected by the camera because
of the limited effective resolution achieved by the optical system. In the performed tests,
a GF10 glass fibre filter was used with an average mesh size of about 3 µm which result
compatible with the effective resolution of the camera system which was estimated in
1.25 µm/pixel. Therefore, the realized prototypes cannot detect particles with size lower
than about 3 µm. Another possible issue which can occur is the overlapping of parti-
cles during the sampling process. In fact, when two or more particles are captured very
close one to the other, the optical system is not able to distinguish among them and
an error both in terms of total particulate amount and of size distribution is, therefore,
committed. In order to minimize such an issue, the filter should be replaced when its
coverage starts to be significant. In such a way, the probability of particle overlapping is
reduced to negligible values. In the performed tests, the maximum coverage was limited
to 2% ∼ 5% of the total exposed filter area.

Eventually, another different approach can be implemented with the same hardware
with virtually no additional cost. In particular, the camera can be employed as light
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Table 3.1: Channel selection according to the backlighting wavelength.

Wavelength Selected RGB channel

IR (940 nm/880 nm) RED CHANNEL
RED (625 nm) RED CHANNEL
GREEN (528 nm) GREEN CHANNEL
BLUE (470 nm) BLUE CHANNEL
UV (375 nm) BLUE CHANNEL

sensor for implementing a sensing approach that is similar to the one of aethalometers.
In fact, the global light absorption coefficient can be calculated from the difference of
the light transmitted through the filter before and after the air sampling. This might be
useful to taking into account the part of captured particles which cannot be detected
because their size is under the resolution of the optical camera system.

The first realized prototype employs a manual filter management system. Such a
prototype is characterized by an very small dimension of about 100 mm × 100 mm ×
60 mm. The prototype, shown in figure 3.3, is enclosed inside a small plastic box and
almost all its mechanical parts were printed by means of a 3D printer. In such a system,
whose block diagram is shown in figure 3.4, air sampling and filter image processing
are performed in two separate stages called sampling stage and analysis stage. Initially,
the filter is mounted in the sampling chamber where aerosol particles are captured for a
specified amount of time thanks to the pumping system described above. Subsequently,
the filter is manually moved to the analysis chamber where the digital camera provides
to take filter pictures. Thus, the system is not able to perform a real-time monitoring
but, thanks to the removal of mechanical parts and motors required for an automatic
filter management, such a system features very small size and power consumption,
characteristics very important in portable applications.

A second prototype was subsequently realized in order to add a semi-automatic
filter management. Figures 3.5 and 3.6, respectively, show the prototype and its block
diagram. In such a prototype three motors were added in order to enable an automatic
change of the filter measurement spot when it becomes saturated by the captured par-
ticles. The mobile filter holder features seven measurement spots and it is connected to
a stepper motor which accurately moves it with the aid of an optical alignment system
employed to keep track of the holder position. Two small servo motors were also added
to inlet and outlet sampling chambers in order to move the chambers up and down.
Such a way, when the measurement spot needs to be changed the servo motors open
the sampling chamber to allow the filter holder to move properly. When the new spot
has been aligned the sampling chamber are again closed to seal the air path by means
of small o-rings. This way, any possible lack of air is avoided. All motors are controlled
by the real-time controller through the power interface. This semi-automatic proto-
type features an identical optical camera system but, in respect to the first prototype,
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Figure 3.3: First prototype employing a manual filter management.

Figure 3.4: Basic diagram of the first prototype.

it allows one to perform measurement for approximately one week (one measurement
spot per day). Of course, the several motors employed to move the mechanical parts
increases system size and its power consumption, making it less suitable for portable
applications.

44



3.1 – The proposed monitoring system and the analysis software

EXTERNAL
BOX

FILTER
HOLDER

STEPPER
MOTOR

ELECTRONICS

INLET 
SERVO

FILTER MOTION 
SYSTEM

INLET
CHAMBER

INLET TUBE

Figure 3.5: New prototype employing an automatic filter management.

Figure 3.6: Basic diagram of the new prototype.

Eventually, a third prototype was developed and realized which employs a similar
approach but allows one to perform continuous measurement for months. In such a
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Figure 3.7: Basic diagram of the fully automatic prototype.

prototype the filter holder was replaced with a filter tape roll connected to the stepper
motor. The filter tape roll features a total length of 30 m which is enough to provide up
to 1000 measurement spots. The working principle is similar to the previous prototype:
when a measurement spot becomes saturated the sampling chamber opens by means of
a servo motor, the stepper motor connected to the filter tape roll moves the filter to the
next measurement spot and, subsequently, the chamber is again closed. Such prototype,
whose block diagram is shown in figure 3.7, is able to operate without any external
intervention for months taking track in real-time of the particulate concentration.

3.2 Validation of the proposed system
The proposed system was characterized by several different tests. In particular, pre-

liminary characterizations were performed on the principal components such as the air
pump, employed to sample a known volume of air, and the optical system, employed
for detecting the captured particles on the filter surface. Such preliminary tests were
carried out before assembling the system prototype in order to both confirm the feasi-
bility of the proposed optical approach and calibrate pump air flux and effective camera
resolution.

Two different air pumps were selected because of their small size, low power con-
sumption and low cost. Both pumps were characterized in terms of air flux generated as
function of the supply voltage. During such a measurement, each pump was mounted
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Table 3.2: First-order coefficients employed to control the air flux together with maxi-
mum air flux and power consumption for both pumps #1 and #2.

Pump a (l/minV) b (l/min) Max air flux (l/min) Max Power (W)

#1 1.17 -2.22 7 0.5
#2 4 -6.37 24 1.6

together with the main components of the air sampling system: collection chamber,
test filter, connection tubes, inlet and outlet, as shown in figure 3.8. In fact, such ele-
ments introduce aerodynamic loads in the air flux and, as consequence, they change the
effective air flux generated by the pump. A flowmeter (BROOKS INSTRUMENTS, se-
ries: 3000) was connected at the exhausted air outlet in order to measure the actual air
flow generated by the pump. The pump was connected to a power supply and the air
flux was measured at several voltage steps in the range of 0 V to about 8 V.

Figure 3.9 shows the calibration curves obtained in such a test. It is possible to note
how both pumps have a linear trend which make quite easy an accurate control of the
air flux. Pump #1 is quite smaller having a size of about 40 mm × 30 mm × 20 mm
with a maximum power consumption of 0.5 W when powered at 8 V. Such a pump is
characterized by a maximum air flux of about 7 l/min. Pump #2, instead, is bigger with
dimensions of about 60 mm× 30 mm× 30 mm and it is able to generate a maximum air
flux of 24 l/min with a power consumption of about 1.6 W at a supply voltage of 8 V.

Pump #1 is suitable in high-polluted environments where, usually, a low air flux
is required in order to avoid a quick saturation of the filter. Pump #2, instead, is more
suitable in environments where there is a low concentration of atmospheric particulate
matter and, therefore, a higher air flux is required in order to achieve an acceptable
sensitivity. Table 3.2 reports characteristics of the two pumps and the first-order coef-
ficients which were stored within the air flux control software (RaspberryPI) by means
of the following formula:

𝜙𝑎 = 𝑎𝑉𝑠𝑢𝑝𝑝𝑙𝑦 + 𝑏 (3.7)

where 𝑎 and 𝑏 are the first-order coefficients and 𝑉𝑠𝑢𝑝𝑝𝑙𝑦 is the supply voltage powering
the pump.

Next characterization was instead performed with the digital camera (RaspberryPI
Camera, Version 2.0) together with the selected macro lens. A grid, subdivided in 1 mm
units, was printed on a paper sheet. Photo of such a grid were takenwith the camera and
analyzed in order to evaluate the effective camera resolution. Such a resolution, which
includes the magnification effects of the macro lens, was evaluated by counting the
number of pixels within one unit and dividing by the length of one unit. This operation
was performed on several squares and it resulted an average number of 1254 pixels per
unit. Therefore, the optical system is able to achieve an effective resolution on the filter
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Figure 3.8: Block diagram of the measurement setup employed for characterizing the
air pumps.
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Figure 3.9: Calibration curves for the pumps employed in the monitoring system.

surface of about 1.25 pixel/µm. Such a value is expected to slightly change of about
5% because the uncertainty of the printed grid and the slightly different focal length
required for the five backlighting wavelengths.

Subsequently, a simplified sampling system was assembled by using a manual filter
loading system. By using this setup, several air samples were acquired in a polluted
environment (city of Turin, North of Italy) with the aim of assessing the filter capability
in terms of efficiency in capturing aerosol particles. As an example, figure 3.11 shows
the glass fibre filter before and after an exposition of 24 h with an air flux of about
1 l/min. It is clearly visible the difference in color of the exposed surface due to the
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Figure 3.10: Photo of the calibration grid taken by the digital camera together the macro
lens and detail of 1 mm × 1 mm square.

particles captured on the filter surface. Other similar samplings were carried out in
different zones of Turin and in the small village of Spadafora (Sicily, South of Italy).

The exposed filters were subsequently analyzed by means of a field-emission elec-
tron scanning microscope (ZEISS, model: Supra 40). Such a characterization allowed
one to assess the typical morphology and dimension of the captured aerosol particles.
As an example, figure 3.12 shows some of them, identified by a progressive number.

Energy Dispersive X-ray Spectrometry (EDS) was caried out on selected filters with
the aim to detect the main chemical elements composing the particles. Such an analysis
revealed a very heterogeneous composition of the sampled particles.

In particular, first two pictureswere taken on filters exposed in Spadafora, and all the
others on filters exposed in Turin. Spadafora, is a small village in Sicily, South of Italy.
The sampling systemwas placed at few hundredsmeters form the sea, in proximity with
an highly busy road. First picture puts in evidence a conglomerate of small particles (2)
whose size is less than 1 µm. Considering the undefined shape of such a conglomerate
and the dispersion of particles which result partially attached on the filter fibers, it can
be thought that this conglomerate grew up on the filter surface during the sampling.
This situation is not rare, and several studies highlight how atmospheric particulate
matter is subjected to modification after it deposits on such a kind of filters. In the
same picture there is also a salt crystal (1), due to the marine environment, which was
partially included in the conglomerate. The second image shows, instead, a quite large
carbonaceous particle (4) and an organic particle (3) which is probably a pollen. Both
particles have size of about 20 µm.

Sampling in Turin was carried out in a street in proximity of a train station. Here,
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Figure 3.11: Glass fibre filter before and after an exposure of 24 h in a highly polluted
environment.

several different types of particles can be identified. As an example, particle 5 contains
high quantities of iron and titanium and its origin is probably the brake system of a train.
Particles 6 and 9 are both carbonaceous, but they have different morphology and size.
Particle 6 is quite compact with a size of about 10 µm. Instead, particle 9 is a conglom-
erate of about 2 µm composed by ultra-fine particles whose sizes are around 100 nm. In
the same picture, hundreds of smaller particles (about 10 nm) are attached to the filter
fibers. Such a kind of particles are extremely harmful for human health and are mainly
produced during the combustion of fossil fuels.

Particle 7 is, instead, a silica mineral grain with size of about 10 µm. It is interesting
to observe, how two small organic particles (8) are attached on the surface of particle 7.
Such organic particles, whose size is approximately 2 µm are probably spores or pollen.

Eventually, last two images show a quite long particle (10) that, when closely ob-
served, reveals a very strange structure. The central carbonaceous body is covered by
smaller flat particles (11) and a strange not-well identified formation (12).

It is possible to understand how atmospheric particulatematter includes a extremely
wide range of different particles types, often conglomerated together andwhose charac-
teristics and origins are not always easy to evaluate. Such a diversity makes particulate
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measurement and characterization extremely challenging and, often, this turns out in
quite large uncertainties.

Subsequently, a first complete prototype of the proposed system was realized and
tested by sampling the air and detecting captured particles by means of the optical sys-
tem described above.The acquired filter pictures were processed by using the dedicated
image processing software. As an example, figure 3.13 shows four images taken by the
camera on the same area of a filter. First two pictures are the original ones, as taken by
the camera respectively at 625 nm (red) and 375 nm (UV). The other two images show,
instead, the results of the image processing software after channel extraction, normal-
ization and sharpening. It is possible to see how the image taken in UV light results
sharper than the one taken in red light due to the shorter wavelength. Moreover, it is
interesting to note how some particle, marked in the figure with yellow arrows, exhibits
a different transmissivity at the two different wavelengths. Such a difference is due to
the different chemical composition and morphology of such particles. By taking advan-
tage of this, it might be possible to employ the different backlighting wavelengths in
order to perform a very simple spectral analysis of the particles, and, by means of a
suitable classification, retrieve additional information on the particulate type and com-
position. Another example of such a effect is shown in figure 3.14. Here, it is clearly
evident how some particle, marked with white circles, does not exhibit any difference
in transmissivity and, instead, how other particles, marked with yellow circles, are al-
most transparent with red light.

Eventually, a measurement campaign was carried out in the city of Caserta, in South
of Italy, where it was possible to access to a commercial laser-scattering system. Taking
advantage from such an opportunity, the proposed monitoring system was installed
beside the laser-scattering station and a 24 h measurement was carried out by both
the instruments. Such a commercial station was equipped with a quite cheap particle
counter based on the laser-scattering methods (ALPHASENSE, model: OPC-N2) which
was able to provide measurements of the particulate concentration at intervals of 200 s
for three different size ranges: PM10, PM2.5 and PM1.

The area, where the instruments were installed, was characterized by a quite low
pollution level, with typical particulate concentration between 4 µg/m3 to 6 µg/m3.With
the aim to avoid a filter saturation during the measurement and, at the same time, to
achieve a suitable sensitivity, an air flux of 0.5 l/min was selected for the measurement.
Figure 3.15-A shows a filter area of about 1.6 mm × 1.6 mm taken by the camera at
625 nm and, subsequently, processed by the software. Particles captured on the filter
surface were identified by employing the blob detection algorithm and a map with the
identified particles and the estimated equivalent size is shown in figure 3.15-B. The cor-
respondent histogram of the particle size distribution is shown in figure 3.16. Most of
the detected particles were in the range between 6 µm and 10 µm with a peak at about
8 µm. Few particles had size larger than 20 µm and no particle was detected down to
3 µm. In fact, mesh size for the selected filter is about 3 µm and the resolution achieved
by the optical system is about 1 pixel/µm. Therefore, with such a configuration it is not
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Figure 3.12: Example of several different particles captured on glass fibre filters.
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Figure 3.13: Pictures taken on a filter at 625 nm and 375 nm, before and after the image
processing.

possible to detect particles smaller than about 3 µm.
The total amount of particulate was calculated by employing the formula 3.6 and

considering that the total volume of sampled air was 0.72 m3 and the filter sampling
area was 2.56 mm2. With the aim to compare the two instruments, a particle size range
between 2.5 µm and 10 µm was selected. Particles whose size was out such a range
were neglected and the total amount of sampled particulate during the 24 h of sampling
was estimated in 0.0165 µg. Therefore, the particulate concentration estimated by the
proposed system was about 0.36 µg/m3.

The particulate concentration in the same range was calculated from the data pro-
vided by the laser-scattering station by simple difference between the PM10 and the
PM2.5 concentrations. Table 3.3 reports a summary of the obtained results. Actually,
the particulate concentration was around 5 µg/m3, as expected. Unfortunately, most of
the particles had a size below 1 µm (PM1) which cannot be detected by the proposed in-
strument. As it is visible analyzing the obtained results, the values provided by the two
instruments are significantly different, even thought they are still comparable. It should
be also considered that typical uncertainties of laser-scattering systems are in the order
of a 20%, according to the particle type and the environmental conditions [124, 125].
Therefore, the achieved results are promising and more tests should be performed in
order to better assess the performance of the proposed system.
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Figure 3.14: Pictures taken on a filter at 625 nm and 375 nm. Particles which do and do
not exhibit difference in transmissivity are marked, respectively, with yellow and green
arrows.
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Figure 3.15: Picture of the filter exposed in the city of Caserta before (A) and after (B)
the particle detection.

3.3 Conclusions and future work
Atmospheric particulate matter, as already discussed, is a serious issue because of its

severe effects on climate and on human health. Its nature and properties largely change
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Figure 3.16: Histogram of the particle size distribution as detected by the proposedmon-
itoring system during the measurement campaign carried out in Caserta.

Table 3.3: Summary of the results obtained during the measurement campaign carried
out in Caserta. Original data measured by the laser-scattering station and of by the
proposed system are compared together.

Laser-scattering Station Prototype
PM10 PM2.5 PM1 PM10−2.5 PM10−2.5

4.98 µg/m3 4.83 µg/m3 4.25 µg/m3 0.15 µg/m3 0.36 µg/m3

in space and time and strongly depends on its origin. Such a variability makes quite
difficult achieve reliable measurements of its concentration and a fully characterization
of its properties.

The measurement instruments commonly employed are mainly based on the gravi-
metric method and several different optical approaches such as the laser-scattering par-
ticle counters. Unfortunately, the quite high cost of such equipment together with the
limited characterization such approaches are able to provide makes, still nowadays, ex-
tremely challenging the establishment of a capillary monitoring of particulate.

The novel optical approach discussed in this thesis tries to overcome such limita-
tions with the aim to develop a portable monitoring system for the particulate charac-
terized by an acceptable accuracy and a low cost. The preliminary tests performed on
the realized prototypes revealed promising performance: the system is able to provide in
real-time both the total amount of the particulate and its size distribution. Furthermore,

55



3 – A novel camera-based approach for real-time monitoring of atmospheric aerosol

taking advantage by five wavelengths available in the backlighting system, it might be
possible to implement a simple but effective spectral analysis of the captured particles
which might provide additional information useful for a complete characterization of
aerosol properties.

In such terms, the proposed system has several advantages in respect to the con-
ventional approaches, such as the gravimetric one. In particular, it is able to provide
real-time measurements, particle size distribution and several additional information
on the aerosol type. Performed tests demonstrated the feasibility of such an approach
providing results which are comparable to the laser-scattering devices, but at a lower
cost.Thewireless LoRa capability of the realized prototypes can be employed to arrange
long-range sensor networks able to capillary monitoring in real-time the atmospheric
particulate matter, application which hardly can be implemented with conventional
equipment.

Additional tests and characterization have been planned in order to fully investi-
gate the system performance and better assess its accuracy. In particular, a detailed
classification of spectral response of several type of atmospheric particulate matters
are required to assess the feasibility of the spectral analysis, and additional tests have
to be carried out by comparing the system with commercial equipment in order to as-
sess system accuracy and stability. Unfortunately, it has not still be possible to easily
access to such instrumentation because of their high cost and the quite poor availability.
Eventually, several improvements both of optical camera system and mechanical parts
can be investigated in order to extend the detectable size range down to 1 µm. In this,
the replacement of the camera with an auto-focus one featuring a higher resolution can
be beneficial.

Therefore, even though several issues still require attention, the proposed approach
opens the way to the development of new low-cost devices which might be employed in
the atmospheric particulate monitoring in several possible scenarios and applications.
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Chapter 4

Breath analysis

Breath analysis is a non-invasive diagnosis and monitoring method which, in the
last decade, has become a feasible alternative to the traditional diagnostic approaches
for several human diseases, especially those regarding lungs, metabolic disorders and
gastroenteric diseases. This analytical technique is attracting great interest because of
its several advantages such as non-invasiveness and safety.

Breth analysis, basically, consists in the detection of several gaseous species, called
biomarkers, whose presence in the exhaled breath at a specific range of concentration is
indicative of a distinct disease. Such biomarkers are present in the exhaled breath at very
low concentrations and, therefore, high sensitive analytical instruments are mandatory
in this field. Consequently, great research efforts have been carried out in last years
in order to improve analytic techniques and, in this framework, the development of
high-performance gas sensors is of crucial importance.

This and chapter 5 focus on this topic and describe the research work carried out
with the aim of developing high-sensitive gas sensors for acetone, a recognized bio-
marker of diabetes.

In particular, this chapter deals with the breath analysis approach and provides a
short summary about the state-of-art of the measuring instruments and techniques
available for the detection of gaseous species in the human breath. Several different
detection methods and equipment are described in section 4.2, and more details about
gas sensors and about metal-oxide conductometric sensors are provided in section 4.3.

Chapter 5, instead, discusses about the research work carried out for the realization
and the characterization of several prototypes of acetone sensors based on Nb2O5 thin
films deposited by reactive plasma sputtering on small alumina substrates.
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4.1 Breath analysis for human health diagnosis
In last years, breath analysis is becoming an effective a reliable diagnostic approach

for assessing human health and detecting several diseases. The increasing reliability of
such amethod, together with a lowmanagement cost and its intrinsically safety, is mak-
ing breath analysis a valid non-invasive alternative to the conventional diagnostic tests,
such as blood and urine testes [37,126]. In fact, breath analysis is able to provide infor-
mation on the human health status which are similar to those obtained by conventional
diagnostic approaches, but at a lower cost and with much less patient effort.

This technique was known since ancient times, where the smell of the exhaled
breath was used as indication of the health condition. However, only in last decades,
this approach has received attention by the scientific research, and great effort has been
carried out with the aim to make this technique more reliable and to standardize the
breath sampling procedure.

It is well known how exhaled breath contains hundreds of different molecules and
compounds [127]. These gaseous species can have both endogenous and exogenous
origin, being them in part produced internally the body and partially inhaled from the
external environment. The composition of the human exhaled breath is very heteroge-
neous [128, 129], and it includes:

• several inorganic gases, such as carbon dioxide and monoxide, oxygen, nitrogen
monoxide and hydrogen;

• hundreds of differentVolatile Organic Compounds (VOC), such as acetone, ethanol,
pentane and isoprene;

• several non-volatile species, such as isoprostanes and cytokines.

The endogenous species are the most important: they are produced inside the body,
either directly in the respiratory system or they evaporate from the blood stream in the
alveoli. Thus, many of these compounds can be considered as a sort of markers of the
physiological processes occurring in the body. In particular, it has been found that some
of these biomarkers, when present in the exhaled breath in a characteristic concentration
range, are indicative of a specific disorder or disease [127–129]. By taking advantage of
this correlation between the presence of specific biomarkers and the health status of
the subject, breath analysis is able, by qualitatively and quantitatively detecting such
markers in the exhaled breath, to provide quite reliable diagnosis on the presence and
the status of specific diseases.

As an example, acetone is commonly considered a biomarker of diabetes. Several
studies put in evidence the correlation of high acetone concentrations in the exhaled
breath with the presence of diabetes in the tested subjects [65]. In fact, acetone is nor-
mally present in the human exhaled breath at concentration below 1 ppm. However, an
a insufficient production of insulin by the pancreas, as in case of uncontrolled diabetes,
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Table 4.1: List of the main biomarkers and the related diseases together the detection
range.

Biomarker Correlated disease Detection level

acetone diabetes ppm
ammonia renal failure; ulcers related to

bacterial infections; protein
metabolism

ppb ∼ ppm

carbon disulphide schizophrenia; coronary disease
carbonyl sulphide liver diseases ppb
hydrocarbons cancer; heart transplant failure;

bacterial infections
ppb

nitric oxide asthma; inflammation of
respiratory system

ppb

hydrogen cyanide cystic fibrosis ppb
hydrogen bacterial infections; H. Pilori

infections; carbohydrates
metabolism

ppb ∼ ppm

ethane, penthane oxidative stress ppv
formaldehyde breast cancer ppb
acetaldhyde lung cancer ppb

turns out in a significant metabolic disorder with involves the increasing of blood glu-
cose together with an abnormal lipolysis [130]. This metabolic disorder is responsible
of a significant increasing of acetone concentration in the exhaled breath. According to
such studies, a threshold of about 1.5 ppm ∼ 2 ppm is typically employed to discrimi-
nate between healthy subjects and diabetic ones [66].

Another possible application of breath analysis is the detection of oxidative stress.
This disorder consists in an accelerated oxidation of cells and it can be due to several
factors, among them there is food, smoking, and also many diseases (such as diabetes)
have as consequence an increasing of the oxidative stress [131]. Many studies put in
correlation the high concentration of alkanes (ethane and pentane) in the exhaled breath
with a abnormal oxidative stress [132].

Many other markers have been identified and correlated with specific diseases: gas-
troenteric disorders (H2), bacterial infections (H2, ammonia, several hydrocarbons), can-
cer (hydrocarbons, alkanes, formaldehyde, acetaldehyde), asthma (NO, isoprostanes),
just to cite few of them. Table 4.1 reports a list of some among the principal biomarkers
and the correlated diseases, together with the typical detection ranges [37, 133].

Breath analysis has several advantages in respect of the conventional diagnostic ap-
proaches. Surely, this technique is intrinsically non-invasive and safe. In fact, no access
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to any part of body and no intake of any substance is required to perform a breath anal-
ysis test; just the patient has to normally blow the exhaled breath inside an inlet for
the subsequent gas sampling. This turns out in reduced effort and stress of the patient
during the test, factor which is very important for elder people or subjects affected by
highly debilitating diseases, especially when such tests should be performed daily or
several times by day (e.g. diabetes). Moreover, the analytical procedures required for
the breath analysis are usually simpler than what is required for other methods, like
blood and urine analysis, and available at a lower price. Another important advantage
is that, typically, results are available in real-timewhen, as opposite, conventional meth-
ods requires usually hours or days. The breath analysis approach can be employed in
very different situations: for example, it can be performed both on conscious subjects
and on mechanically ventilated ones [134].

Although, many advantages are evident, some drawback is, nowadays, limiting the
employment of this diagnostic method. In particular, there is not a standard method
for sampling the exhaled breath [37], and this lack turns out in quite dispersed results
with often unacceptable uncertainties of the detected biomarker concentrations. Also,
there is a technological limitation regarding the sensing performance of the analytical
instruments and sensors. Many of such biomarkers are present in the exhaled breath
only in traces, with concentrations ranging from few ppt to several ppm. Gas sensing
at concentrations down the ppm level are, still nowadays, challenging and only high-
sensitive equipment can be employed successfully. Otherwise, a pre-concentration of
the exhaled breath is required by means of gas bags or semi-permeable materials [133],
but with the increasing of the cost and the possibility of contamination. Furthermore,
it should be considered that the human breath is a very complex mixture of gaseous
species, many of them chemically similar, and present at very different levels of con-
centrations. This makes the detection of specific compounds extremely difficult with
the possibility of false diagnosis due to possible interferent species. This turns out in
the necessity of extremely selective analytical methods, equipment and sensors with
the consequence of increasing the test cost.

Several analytical techniques are nowadays available for the detection of specific
gaseous species in complex mixtures, such as the human breath. Next section provides
a short description of the equipment typically employed in the breath analysis.

4.2 Gas detection methods for breath analysis
Gas detection devices have to satisfy specified constraints due to the characteristics

of the exhaled breath and the typical concentration of the biomarkers. In particular, an
high-sensitivity is always required in order to detect biomarkers at a ppb or ppm con-
centration levels. Moreover, being the breath a complex mixture of hundreds gaseous
species, an excellent selectivity is mandatory.

The most employed detection methods are: gas chromatography, laser-absorption
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Figure 4.1: Basic scheme of a gas chromatographic system.

spectroscopy and chemical gas sensors. A brief description about these techniques is
provided in this section, with the exception of chemical gas sensors which are described
in more detail in section 4.3.

Gas chromatography (GC) is employed in any field where high selectivity and sen-
sitivity are required. This technique is based on the different affinity of the gaseous
species towards a stationary phase. A schematic block diagram of a CG device is shown
in figure 4.1. Basically, the gas mixture sample is injected inside a chromatographic col-
umn and propelled by an inert carrier gas, such as helium. This column can be consid-
ered as a rigid capillary tube, whose walls are covered by a specific liquid or polymer
which forms the stationary phase. The several gaseous species, while moving inside
the column interact with the column walls and are adsorbed on the stationary phase.
Subsequently, they are released at different times according to their affinity with the sta-
tionary phase itself. This way, the input mixture is actually separated in its constituents
which are expelled from the column at different time periods. At the output of the col-
umn, a proper detector can quantify the amount of each gas. According to the specific
application, several types of detectors can be employed. In the field of breath analysis,
the most used are surely the Flame-Ionization Detector (FID), the Mass Spectrometer
(MS) and the Ion-Mobility Spectrometer (IMS).

Flame-Ionization Detectors are mainly employed for organic compounds. The com-
pounds are burnt in a hydrogen flame. During such a combustion, ions of the original
gaseous species are generated in a concentration that is proportional to the concen-
tration of species themselves. Two electrodes are placed close to the burning site in
such a way that an electrical current, proportional to the ion concentration, flows be-
tween them. Thus, by measuring such a current it is possible to accurately measure the
concentration of the sampled species. This type of detector is characterized by a high
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Figure 4.2: Simplified block diagrams of the most diffused detectors for gas chromatog-
raphy: flame-ionization detectors (A), mass spectrometers (B) and ion-mobility spec-
trometers (C).

sensitivity, very good linearity and a low cost. However, its use is restricted only to
species which can be ionized by combustion (mainly organic compounds). A schematic
diagram of a FID is shown in figure 4.2-A.

Mass Spectrometers, instead, not only quantify the amount of specific compounds
but also are able to perform a separation of the species. Thus, virtually mass spec-
troscopy can be employed alone to separate and detect species in a mixture. Anyway,
it is usually employed together with gas chromatography for improving selectivity.

A basicMS is shown in figure 4.2-B.Thismethod is always based on the ionization of
the species, but this ionization is performed not with a flame but, for example, by means
of an electron bombardment. This enables virtually any specie to be detected. Once
the species have been ionized, they are accelerated and forced to move inside a strong
electric or magnetic field. In such a way, the ions are deflected proportionally to their
mass-to-charge ratio. The ions are finally collected and detected by dedicated detectors,
such as electronmultipliers and Faraday cups.The output of aMS is a spectrum showing
the amount of detected ions as function of the mass-to-charge ratio. Being this ratio a
sort of fingerprint of the species, by analyzing such a spectrum, it is possible to know
which species are present in the mixture and their concentration.

Also the Ion-Mobility Spectrometers are able to separate the species and evaluate
their amount, but with an approach quite different from the MS, but still based on the
ionization of the species. The schematic diagram of an IMS is shown in figure 4.2-C.The
ionization can be induced, for example, by electron bombardment or corona discharge.
The ionized species are forced to flow inside a drift tube. The ions are accelerated inside
the drift tube by a suitable electric field. At the same time, an inert carrier gas, such as
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helium, is forced to flow inside the drift tube in a direction opposite to the ion move-
ment. The mobility of the ions inside the carrier gas is a characteristic of the specific
species and, as consequence, different ions exhibits different travel times inside the drift
tube. Thus, ions characterized by an high mobility exit from the drift tube before ions
featuring lower mobility. In such a way, the different species are separated and can be
detected at the end of the drift tube by using proper detectors which generate an elec-
tric signal. A proper analysis of such a signal provides information about the species
present in the mixture and their concentration.

A completely different approach is the one adopted by laser-absorption spectroscopy
(LAS). This technique is extremely sensitive and selective, with detection limits in the
order of few ppt. The basic idea is that each gaseous specie is characterized by a spe-
cific light absorption coefficient which exhibits absorption lines at specific wavelengths.
Thus, it is possible to evaluate the concentration of specific gaseous species by us-
ing lasers at specified wavelengths and measuring the total light absorption thought
a known volume of gas. Unfortunately, this technique requires extremely sophisticated
and expensive equipment, and this actually limits its employment only to the research
field.

Other gas separation and detection methods are employed in breath analysis, as
well. However, even though all these approaches achieve excellent sensitivity and se-
lectivity, they usually employ costly and bulky equipment which partially depreciate
the advantages of breath analysis in respect to the conventional diagnostic methods.
For these reasons, great efforts have been carried out in last years in order to develop
alternative detection approaches which result in lower cost and smaller size and, at the
same time, which maintain sensitivity and selectivity at an acceptable level. In this,
chemical gas sensors are a very promising alternative.

4.3 Chemical gas sensors
Chemical gas sensors are, nowadays, a valid alternative to the most expensive and

complex techniques described in the previous section. Actually, there are several types
of gas sensors which differ for the sensing mechanism and, of course, for target gas and
sensing performance. Most employed gas sensors in the breath analysis field surely are:
conductometric sensors (or chemoresistors), electrochemical sensors and colorimetric
sensors. Each one of them has its advantages and drawbacks according to the specific
application.

Electrochemical gas sensors are quite simple devices featuring two or three elec-
trodes and a semi-permeable hydrophobic membrane, as shown in figure 4.3-A. The
electrodes are placed in contact with an electrolytic material. These electrodes are usu-
ally manufactured with precious metals and they can be functionalised by covering
themwith catalytic films.The gas molecules diffuse through the semi-permeabile mem-
brane, and then through the electrolytic solution till they arrive close to the Working
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Figure 4.3: Some type of gas sensors. A) structure of an electrochemical gas sensor; B)
usage of colorimetric gas sensors; C) a colorimetric sensor array.

Electrode (WE). Here, some oxidation or reduction reactions occur between the gas
molecules and the WE as function of the gas, WE material and the difference of poten-
tial 𝑉𝑊 𝑅 between the WE itself and the Reference Electrode (RE). As consequence of
these reactions, couples of electron-ion are generated and flow through the electrolytic
solution generating a current between the WE and the Counter Electrode (CE). Such
a current is almost proportional to the original gas concentration. In order to estab-
lish such a reactions, a proper value of 𝑉𝑊 𝑅 is required in order to reach the activation
energy of the specified reaction. Taking advantage of this peculiarity, it is possible to im-
prove the sensor selectivity by properly biasing the WE. Small size and very low power
consumption, together with a good sensitivity, are the main advantages of such sensors.
However, it is not always easy to tune these sensors towards any possible biomarker,
and this limits their use in the breath analysis.

The branch of the colorimetric gas sensors includes a very wide range of devices
which employ quite different sensing mechanisms. Anyhow, all of them share the com-
mon basic sensing idea: to correlate the gas specie and its concentration to a change in
color of the sensing material, as shown in figure 4.3-B. Basically, the gaseous species
reach the sensing material, where they are absorbed or react chemically with it and, as
consequence of such an interaction, the sensing material changes its color in a specified
way. The ph strip is a classical example of such type of sensors, where the color of the
sensing material changes according to the acidity of the analyte. Colorimetric sensors
are usually characterized by a very low cost and quite good sensitivity and selectivity.
They can be easily combined to form a sensor array in order to detect more target gases
in a single sampling. Figure 4.3-C shows an example of such an application: by analyz-
ing the cross-correlation of the sensor responses it is possible to significantly increase
the selectivity of the array towards specific gases. Moreover, the color response array
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Figure 4.4: Schematic structure of a conductometric gas sensor connected to a read-out
measurement setup.

can be considered as a sort of fingerprint of the exhaled breath.
Unfortunately, most of these sensors are single-use only: they are required to be

replaced after each sampling. Another possible drawback is a relatively poor accuracy
in term of concentration. In some case, they can be only used to qualitatively assess the
presence of a specified gas and not for accurately quantify its concentration.

4.3.1 Conductometric Metal-Oxide Gas Sensors
Nowadays, conductometric gas sensors are one of the more extensively studied sen-

sor type because of their very good characteristics, flexibility and low cost. They are
employed in several fields, from environmental monitoring to industrial, automotive
and medical applications. The basic structure of such a sensor, shown in figure 4.4, in-
cludes a substrate with two electrodes electrically connected with a sensing material.
The conductivity of the sensing material changes when a specified gas is absorbed on
the sensing surface. This way, it is possible to evaluate the target gas concentration by
measuring the resistance between the two electrodes ( RSENSE). Often, the optimal sens-
ing performance are achieved at high temperatures. In such cases, a heater is included
in the substrate so that the sensor working temperature can be adjusted by means of
a suitable temperature control system. It is clear how all the sensing performance of
such sensors are related to the sensing material, and this explains why most of the re-
search in this field focuses on the development of innovative materials which are tuned
specifically for enhancing the sensing performance towards specific gases.

The most important type of conductometric gas sensors are the metal-oxide (MOX)
sensors, even though good performance can be achieved also with polymers and other
innovativematerials, such as carbon nanotubes and graphene. InMOX sensors the sens-
ing material is basically a metal oxide which, under specific circumstances, can exhibit
a semiconductive behavior due to the surface vacancies.
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Several characteristics are used to evaluate the performance of aMOX sensor, among
these the most important for breath analysis surely are: sensitivity, selectivity, stability,
response and recovery times and, of course, cost.

Sensitivity is defined as the smallest variation of the target gas concentration that
can be detected by the sensor.Therefore, such a parametermeasures the capability of the
sensor to detect the target gas. In general, it is desirable to have sensitivity as higher as
possible, especially in the breath analysis where the biomarkers have concentrations at
the ppb or ppm levels. However, in specific cases an high sensitivity can be a problem.
In fact, another important parameter of a gas sensor is the saturation level, defined as the
maximum concentration which can be measured by the sensor. Therefore, sensitivity
of a sensor should be selected accordingly to the expected target gas concentration. In
a MOX sensor the sensitivity is given in terms of relative resistance variation of the
sensor, defined as:

𝑆 =
𝑅𝑎
𝑅𝑔

(4.1)

for reducing gases, and defined as:

𝑆 =
𝑅𝑎
𝑅𝑔

(4.2)

for oxidizing gases, where 𝑅𝑎 is the resistance of the sensor in the reference gas (typ-
ically air without the target gas) and 𝑅𝑔 is the resistance at a specified target gas con-
centration.

Selectivity is another key parameter. Selectivity is defined as the capability of a gas
sensor to discriminate between several gas compounds. An ideal sensor should have
a high sensitivity towards the target gas and a negligible sensitivity towards all the
other gas which can be present during the measurement. This is especially important
in breath analysis, where the exhaled breath is a very complex mixture of gases and
volatile compounds in a quite wide concentration range.

Stability is, instead, defined as the sensor capability to maintain its performance in
time. In MOX sensors, stability degrades with time and repeated heating-cooling cycles.
As consequence, there is an uncontrolled variation of its characteristics such as sensitiv-
ity, response time and selectivity. Stability is an important parameter because it directly
affects the accuracy of the sensor and, therefore, of the concentration measurements.

Response and recovery times measure the capability of the sensor to quickly re-
spond to variations of the target gas concentration. The response time is defined as the
time required for the sensor to rise from the 10% to the 90% of the final response value
in correspondence of a abrupt variation of the target gas concentration from 0 ppm to
a certain value. Recovery time is defined in the same way, but in correspondence of the
opposite variation of the target gas.

Finally, cost includes the costs for the raw materials and the manufacturing equip-
ment. Of course, the characteristics of an ideal MOX sensor depend on the specific
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application but, in general, it is desirable to have high sensitivity, high saturation level,
excellent selectivity, fast response and low cost.

In order to select or develop a suitable MOX sensor for a specified application, it is
very important to clarify the sensingmechanisms of such sensors. Two different sensing
mechanisms can be identified for MOX sensors: surface conductivity sensing and bulk
conductivity sensing.

Bulk conductivity sensing mechanism occurs only at a very high temperature, usu-
ally higher than 700 ∘C. In such a situation, all the surface bonds are broken by thermal
energy and the conductivity of the sensing film is dominated by the oxygen partial pres-
sure. In fact, at these temperatures it is required a thermodynamic equilibrium between
the oxygen inside the sensing material and the oxygen present in the external environ-
ment.The presence of a target gas turns out in a variation of the oxygen partial pressure
in the environment and, therefore, the amount of oxygen inside the sensing material
has to change accordingly, with a consequent variation of the sensor conductivity.

However, temperatures involved in normal applications are well below 700 ∘C. In
such a temperature range, the sensing mechanism for MOX sensors is dominated by
surface effects.

Figure 4.5-A shows the schematic structure of a MOX sensing material at different
levels of magnification. Normally, metal oxides are crystalline and they exhibit a grain-
likemicrostructure composed by small grains attached one to the others. Several broken
bonds and vacancies are available on the grain surface.These vacancies act as ionosorp-
tion sites for the gas molecules present in the environment. Oxygen presents in the air
is easily ionosorbed in such sites and, as consequence, several electrons are subtracted
from the conduction band and trapped in the ionic bonds. This process turns out in the
formation of a charge depletion layer around the grain surface and the establishment of
a potential barrier at the grain boundaries which actually limits the drift of the charge
carriers and, therfore, the conductivity of the sensor. This way, the metal oxide behaves
as a N-type semiconductor. In a similar way, some other metal oxides exhibit a P-type
behavior in which holes are trapped in the ionic bonds instead of electrons. Figure 4.5-B
shows such a situation for both N-type and P-type metal oxide semiconductors, high-
lighting the potential barriers at the grain boundaries.

The presence of a target gas modifies such an equilibrium between the environ-
mental oxygen and the sensing material. In fact, the target gas molecules interact with
the ionosorbed oxygen and/or directly with the sensing material by means of competi-
tive ionosorption processes. This turns out in a modification of the number of electrons
trapped in the ionic bonds and, as consequence, the electronic band structure bends
accordingly. Such situation is shown in figure 4.5-C. In the case of N-type metal oxides,
oxidizing and reducing target gases, respectively, increase and decrease the potential
barrier at the grain boundaries modulating the conductivity of the sensor in function
of the target gas concentration. The opposite occurs in the case of P-type metal oxides.

Therefore, it is possible to identify two separate contributes to the sensing mech-
anism: a receptor function and a transducer function. The first contribute is due to the
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interaction, at a microscopic level, between the gases and the sensing surface by means
of the ionosorption processes. The second one, instead, transforms the modification in-
volved by the receptor function into a macroscopic variation of the sensor conductivity
by means of the potential barrier across the grain boundaries.

Several factors affect the sensing performance of MOX sensors. Among these, there
are the morphology and the structure of the sensing surface. Grain size is extremely
important because it significantly affects the sensors sensitivity.There are three possible
cases, shown in figure 4.6.

• Grain boundary control: 𝐷 ≫ 2𝐿 – When the grain size 𝐷 is much greater
than the thickness of the depletion layers 𝐿, the conductivity of the material is
dominated by the Schottky barriers present at the grain boundaries, whose am-
plitude is modulated by the target gas concentration.

• Neck control: 𝐷 ≈ 2𝐿 – When the grain size is similar to the depletion layer
thickness, the conductance of the sensing material is controlled by the necks due
to the depletion layer. These necks, present between each grain, change in aper-
ture according to the target gas concentration.

• Grain control:𝐷 < 2𝐿 –When the grain size is smaller than the depletion layer
thickness, the conductivity of the material is controlled by each single grain, not
only their boundaries or necks.

In general, the sensor response increases with the increasing of the number of con-
trolling elements. Therefore, grain control is the situation which provides the best sen-
sitivity for a specified material. Thus, it is convenient to develop materials with small
grain sizes, even though it should be considered that extremely small grain sizes turn
out in a low structural stability. Furthermore, also the sensing film thickness affects the
sensitivity. Typically, thin films exhibits a response higher than thick ones because of
the interaction between material and target gas occurs only at the surface. Instead, the
bulk material contribute is constant and it reduce the sensitivity. For the same reason,
very porous films, typically, turn out in a sensitivity higher than compact ones. Such an
effect is known as utility factor and it occurs because porous films have large surface-
to-volume ratios and, as consequence, in such materials the surface effects strongly
dominate the bulk conductivity. Unfortunately, porosity involves a drawback: an in-
creasing of the response and recovery times. This because more time is required for the
target gas to diffuse inside the pores and reach the sensing surface.

Several methods are nowadays employed in order to improve the performance of
the MOX sensors. A very effective method is the addition of impurities to the metal
oxide. These impurities can act in two different ways: either as dopants or as catalytic
agents. In the first case, the added impurities are able to change the conductivity of the
material and, as an example, they can be used to decrease the reference resistance 𝑅𝑎
in order to improve the signal-to-noise ratio during the measurements. Instead, in the
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Figure 4.5: Schematic description of the surface sensingmechanism forMOX sensors. A)
microstructure of a metal oxide used as sensing material in a MOX sensor. B) Ionosorp-
tion of environmental oxygen for both N and P-type metal oxides. C) Interaction with
the target gas and modulation of sensor conductivity.
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Figure 4.6: Effect of the grain size on the conductivity of the sensing material.

Figure 4.7: Left: typical sensitivity as function of temperature for a MOX sensor. Right:
an example of sensitivity of a MOX sensor towards four different gases as function of
temperature.

second case, noble metals are employed as catalytic material with the aim of improving
the surface reactivity towards specific gases. As a consequence, there in an increasing
of the sensor sensitivity and an enhancement of its selectivity.

Another extremely important parameter to take in consideration is the working
temperature. Almost all the sensing characteristics of a MOX sensor depend by temper-
ature. Firstly, the resistivity of a metal oxide decreases when the temperature increases.
Therefore, increasing the working temperature can make easier to measure the resis-
tance of the sensor which, otherwise, can be in the order of several TΩ. Furthermore,
both chemisorption and diffusion processes, which stand at the base of the MOX sens-
ing mechanism, depend strongly by temperature. In particular, it is well known how
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reactivity of materials increases with the temperature. However, temperature also af-
fects the ionosorption bonds which oxygen and target gas form on the sensing surface.
As the working temperature increases these bonds start to broken due to the increas-
ing thermal energy. As a consequence of this, the sensitivity of MOX sensors strongly
change with the working temperature with the characteristic bell-shaped dependence
shown in figure 4.7 (left): initially, the sensitivity increases with temperature because
of the reactivity effect but, subsequently, it starts to decrease because bonds begin to
break and the penetration depth of the gases reduces. Therefore, the best sensitivity is
reached when the two effects balance one the other. Such an optimal working tempera-
ture depends from the sensing material and the target gas, so that different target gases
exhibit different optimal working temperatures, as shown in figure 4.7 (right). Such an
effect can be employed to improve the selectivity of the MOX sensors by modulating
the working temperature.

Clearly, it is extremely difficult to optimize all the parameters involved in the op-
eration of a MOX sensor and, usually, the development of an effective sensor requires
long time and the realization of several prototypes.
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Chapter 5

High-sensitive metal-oxide acetone
sensors for breath analysis

This chapter partially contains materials from previously published work of the author [5]

The aim of this research work was to investigate a possible implementation of gas
sensors for monitoring the acetone in the human breath. Among the several possibili-
ties, it was decided to focus the research on conductometric gas sensors based on metal-
oxide films because of the promising tradeoff among their sensing performance, power
consumption and cost, and the availability of a reactive magnetron sputtering system
for the deposition of the sensing film. Such a kind of sensors basically requires:

• a sensing material characterized by high sensitivity and selectivity towards ace-
tone;

• a substrate with suitable contacts in order to electrically connect the sensing ma-
terial;

• a heater in order to set the sensor working temperature.

After a preliminary investigation on suitable sensing materials, the niobium oxide
was selected as candidate for the development of high sensible and selective acetone
sensors. In fact, even though few works deals with this oxide employed as gas sensing
material, its transport and sensing performance are quite interesting [53, 61, 62].

A commercially-available alumina substrate was selected as support for the deposi-
tion of Nb2O5 thin films. Such a substrate features platinum screen-printed iterdigitated
electrodes on the top face, and a small platinum heater on the back side.

Subsequently, several sensor prototypes were realized by depositing thin films of
Nb2O5 on such an alumina substrate bymeans of the reactive magnetron sputtering tech-
nique in a capacitively-coupled parallel-plate reactor.
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This chapter describes development and characterization of such sensors providing
details about their realization and the tests performed for evaluating their performance.
In particular, section 5.1 provides a short introduction about the reactive magnetron
sputtering technique. Section 5.2 describes in details the structure of such sensors, and
the equipment and procedures employed in their realization. Eventually, sections 5.3
and 5.4 deals with the characterization of the proposed sensors, the achieved results
and the possible future improvements.

5.1 Reactive magnetron sputtering
Reactive Magnetron Sputtering (RMS) is a deposition technique which developed

rapidly in last decades and, nowadays, it has become a well-established process for
deposition of high-performing films and coatings which can often outperform films
deposited with different approaches both in the research and industrial fields [135,136].

The sputtering deposition process was firstly introduced in the 70s and progres-
sively improved with several variants starting from the 80s. A significant performance
enhancement of this process arrived with the introduction of the reactive magnetron
sputtering and its different variants (balanced and unbalanced RMS, DC- and RF-driven
RMS, pulsed magnetron sputtering, multi-source sputtering, variable-field magnetron).

A magnetron sputtering system is basically composed by two electrodes, a cathode
and an anode connected to a proper power supply and placed in a deposition chamber.
A vacuum system provides to decreases the chamber pressure to few Pa and a system
of mass flow controllers is responsible to generate inside the chamber a controlled gas
mixture.The cathode, or target, is composed by the material to deposit or by a precursor
of it. The substrate to be deposited is, instead, placed on the anode. Figure 5.1 shows the
basic structure of a reactive magnetron sputtering system.

The power supply drives the two electrodes with a proper voltage (which can be DC
or AC) in order to generate and maintain a glow plasma discharge between the elec-
trodes, in close proximity of the target. Thus, the target is subjected to a high-energy
ion bombardment which sputters (erodes) atoms of the target that, after a transporta-
tion process, condense on the substrate surface depositing the film. Low-pressure inert
gases, such as Argon, Kripton and Neon, are required inside the deposition chamber in
order to create the glow plasma discharge. Typical pressure is in the order of 10−3 mbar.
In this case, the target material deposits on the substrate without being involved in any
chemical reaction. However, there is the possibility to add other gasses or precursors so
that the target material can reacts with these gases creating a different material for the
deposition (reactive magnetron sputtering). By using this approach, it is possible, for
example, to deposit metal oxides and nitrides starting from pure metal targets. A sec-
ondary consequence of the ion bombardment of the target is the emission of secondary
electrons. These secondary electrons, if properly confined, can contribute to the plasma
maintenance and, as benefit, it is possible to reduce the voltage across the electrodes.
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5.1 – Reactive magnetron sputtering

Figure 5.1: Basic scheme of a reactive magnetron sputtering system.

Figure 5.2: Basic magnetron configurations: balanced (A), unbalanced type 1 (B) and
unbalanced type 2 (C).

Moreover, a proper confinement of the electrons increases the plasma density on the
target turning out in a higher sputtering and deposition rates. At this purpose, several
strong magnets are placed in the back-side of the target in such a way that one pole is in
the target center, and the other one forms a ring around on the edge of the target itself.
As a consequence, a strong magnetic field develops in proximity of the target forcing
the secondary electrons to be confined according the field flux lines. By properly ad-
justing the magnet position and the strength, it is possible to modify the magnetic field
and, with it, the distribution and the shape of the plasma discharge. Three basic cases
can be identified.

• Balanced Magnetron Sputtering – The strength of the two magnetic poles is
almost equal; all the flux lines of the magnetic fields close on the target itself and,
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as consequence, the glow plasma discharge is confined within few centimeters
from the target with a small plasma density on the substrate.

• Unbalanced Magnetron Sputtering, Type 1 – The central magnetic pole is
stronger than the one on the target edge so that some of the flux lines of the
magnetic field close on the chamber walls. This involves a modification in the
plasma distribution which results in very low plasma density on the substrate.

• UnbalancedMagnetron Sputtering, Type 2 –The external ringmagnetic pole
is stronger than the central one; some flux line closes on the anode and the plasma
distribution expands towards the substrate. As consequence the plasma density
on the substrate increases significantly.

Figure 5.2 shows the three configurations and the resulting plasma distribution: bal-
anced (A), unbalanced type 1 (B) and unbalanced type 2 (C). The magnetic field and the
resulting plasma distribution strongly affect the characteristics and the morphology of
the deposited film. It has been observed how increasing the ion current on the sub-
strate turns out in more compact and defect-free deposited films which feature reduced
strain stress [137–140]. Among the three described configurations, the unbalanced one
(type 2) is the one providing higher ion currents on the substrate and the one typically
employed today in most of applications. In contrast, it has been noted how the unbal-
anced type 1 configuration involves a very low ion current on the substrate and this
turns out in very porous films [141]. This can be a desirable property in specific appli-
cations, such as the deposition of sensing films, catalysts and low-reflective coatings. A
particular type of magnetron sputtering system is the Variable Field Magnetron which
embeds a motion system for the magnets so that it is possible to optimize the magnetic
field configuration according to the application.

Magnetron sputtering systems can differ also for the electrode biasing. As said pre-
viously, it is required a proper biasing of the two electrodes in order to generate and
maintain the plasma glow discharge. The simplest case is the DC magnetron sputtering
where the power supply biases the system with a DC voltage of few hundreds volts.
This method has the advantage of using a relatively cheap power supply and a direct
coupling between it and the electrodes. Unfortunately, a DC biasing requires conductive
targets to allow a continuous current to flow between the electrodes, and this limits the
target to be a metal or, in general, a conductive material. The alternative is the RF mag-
netron sputtering which employs a RF power supply (typical frequency is 15.36 MHz)
capacitively coupled to the electrodes in order to virtually enable any material, includ-
ing insulators and ceramic materials, to be employed as target. However, this turns out
in a more expensive equipment and the requirement of a RF impedance matching net-
work connected between the power supply and the electrodes that has to be properly
set in order to minimize the reflected power. Nowadays, hybrid DC/RF magnetron sput-
tering systems are available which bias the electrodes by superimposing an RF voltage
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to a DC one so that it is possible to finely tune the system to an extremely wide range
of application and target materials.

The characteristics of the deposited film strongly depend from the deposition param-
eters such has chamber pressure, gas composition, deposition power and time, and sub-
strate temperature.The processes involved in the depositions are quite complicated and
involve: sputtering of the target, transportation, chemical reactions, condensation, clus-
tering and film growth. Even thought several models have been developed [142–144],
an empirical adjustment of the parameters is usually required in order to achieve a
deposited film with specified properties and morphology.

5.2 Sensor structure e film deposition
The sensors presented in this work are arranged in a layered structure basically

composed by an alumina substrate and a Nb2O5 thin-film deposited on. The section of
the sensor is shown in figure 5.3-B. The alumina substrate is specifically designed for
the implementation of gas sensors and it is commercially available at a low-cost (about
0.5$/unit) with dedicated platinum strips screen-printed on both faces. In particular, the
substrate is quite small, with dimensions of 3 mm × 6 mm and a thickness of 0.5 mm.
The platinum strips, whose thickness is about 5 µm, form a couple of Interdigitated
Electrodes (IDEs) on the top face and a small heater on the bottom face. Figure 5.3
shows the drawings of the top (B) and bottom (A) faces of the substrate highlighting
the main dimensions which are reported in Table 5.1.

The heater is a very important feature of these substrates. In fact, as explained in
the introductory material in chapter 4, metal-oxide conductometric gas sensors typi-
cally requires a working temperatures in the range of 100 ∘C to 600 ∘C. Thus, a proper
heating system is required in order to set and stabilize the sensor temperature during
the measurements. The heater integrated on the substrate, together with a proper elec-
tronic control system, is able to accurately set the working temperature of the sensors
with a maximum uncertainty of about 10 ∘C.

The deposited Nb2O5 film is extremely thin with thickness depending on the deposi-
tion parameters and, in general, ranging from 100 nm to 1 µm. As shown in figure 5.3-C
the sensing film is deposited on the top face covering the inter-digitated electrodes for
a total area of about 10 mm2. However, only a small part of this area, the one confined
between the two interdigitated electrodes and highlighted in yellow, is responsible of
the effective sensor response. This effective active area is 2.06 mm2. In fact, the film
conductivity is very low and the platinum strips create short-circuits for all the re-
maining film area. The choice of the interdigitated electrodes contributes to decrease
the effective sensor resistance by paralleling the elementary film resistance, which oth-
erwise could reach values too high for being measured with normal instrumentation.
Figure 5.3-C shows the details of a single interdigitated path. By neglecting the border
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and corner effects, it can be seen how the resistance of the single path 𝑅𝑃 has two ba-
sic contributes: 𝑅𝐴 and 𝑅𝐵 which are connected in parallel. By considering that this
basic path is replied for five times, it results that the total effective sensor resistance
can be calculated as a parallel of five 𝑅𝑃 contributes. Anyway, it can be noted, how
this approach is almost equivalent to transform the interdigitated path into a linear
one, as shown in figure 5.3-D. In this case, the equivalent active area has an equivalent
length 𝐿𝑒𝑞 and an equivalent width 𝑊𝑒𝑞 which can be calculated from the interdigitated
dimensions:

𝑊𝑒𝑞 = 𝑒
𝐿𝑒𝑞 = 5 (𝑑 + 𝑤) + 9 𝑒
𝑆𝑒𝑞 = 𝐿𝑒𝑞 ⋅ 𝑡𝐹

𝐴𝑒𝑓 = 𝐿𝑒𝑞 ⋅ 𝑊𝑒𝑞

(5.1)

where 𝑡𝐹, 𝑆𝑒𝑞 and 𝐴𝑒𝑓 are respectively the thickness, the equivalent section and the
effective area of the sensing film. Thus, it is possible to calculate the equivalent total
sensor resistance as:

𝑅𝑆 = 𝜌
𝑊𝑒𝑞

𝑆𝑒𝑞
=

𝜌
𝑡𝐹

⋅
𝑊𝑒𝑞

𝐿𝑒𝑞
=

𝜌
𝑡𝐹

⋅ 𝑒
5 (𝑑 + 𝑤) + 9 𝑒

(5.2)

and, by replacing the interdigitated dimensions, it results:

𝑅𝑆 =
𝜌

51.5 ⋅ 𝑡𝐹
(5.3)

In contrast, considering always the linear electrode structure of figure 5.3-D, but
working with equal active area and equal substrate dimensions (𝐿 and 𝐻), it results:

𝐴𝑒𝑓 = 𝐿𝑒𝑞 ⋅ 𝑊𝑒𝑞 = 2.06 mm2

𝐿∗
𝑒𝑞 = 𝐻𝐹 − 𝑠 = 3.0 mm

𝑊 ∗
𝑒𝑞 =

𝐴𝑒𝑓

𝐿𝑒𝑞
≈ 690 nm

(5.4)

which results in a total effective sensor resistance of:

𝑅∗
𝑆 = 𝜌 ⋅

𝑊𝑒𝑞

𝑆𝑒𝑞
= 𝜌 ⋅

𝑊𝑒𝑞

𝐿𝑒𝑞 ⋅ 𝑡𝐹
=

𝜌
4.35 ⋅ 𝑡𝐹

(5.5)

Therefore, the interdigitated structure decreases the effective film resistance by a factor
of about 12 in respect to a simple linear structure with great benefits in terms of costs
of the measurement equipment and of noise immunity.

As visible in figure 5.4, the substrates are sold in slices of 14 × 7 units and, thus, it
is required to individually separate each substrate before being processed. The figure

78



5.2 – Sensor structure e film deposition

Figure 5.3: Allumina substrate employed in the sensor deposition. A) bottom face with
the platinum heater; B) section; C) top face with the platinum interdigitated electrodes
and the sensing film deposited on.

Table 5.1: Dimensions of the alumina substrate employed in the sensor development as
labeled in figure 5.3.

Label Dimension Label Dimension Label Dimension
𝐻 6.0 mm 𝑒 200 µm 𝑎 1.0 mm
𝐿 3.0 mm 𝑠 300 µm 𝑏 2.0 mm
𝑇 0.5 mm 𝑤 300 µm 𝑐 0.6 mm

𝐻𝐹 3.3 mm 𝑤𝑝 300 µm 𝑑 1.4 mm
𝑝 1.0 mm 𝑘 400 µm 𝑡𝐹 0.1 ∼ 1.0 µm
𝑗 2.8 mm 𝑞 0.7 mm 𝑡𝑃 5.0 µm

also shows an example of sensor prototype after being cut and deposited. In particular,
the Nb2O5 film is visible on the top face of the sensor as a darker area covering the
interdigitated electrodes. The film is almost transparent because of its extremely small
thickness.
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Figure 5.4: A slice of substrates, as sold by the manufacturer and an example of sensor
prototype after the Nb2O5 film deposition.
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Figure 5.5: The reactive magnetron sputtering reactor employed in the sensor deposi-
tions.
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Figure 5.6: 3D detail of the reactor deposition chamber.
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Figure 5.7: A) Niobium target employed in the sensor depositions; B) alumina sub-
strate (1), Si reference (2) and mask arrangement (3) placed on the ground electrode
and ready for the deposition.

TheNb2O5 sensing films for all the developed prototypes have been deposited on the
small alumina substrates (described in section 5.2) by reactive RF magnetron sputter-
ing in a lab-scale capacitively-coupled parallel-plate-reactor employing an unbalanced
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magnetron configuration (type 2). Figure 5.5 shows the reactor employed in the deposi-
tions carried out at the Department of Applied Science and Technology, Politecnico di
Torino, Turin, Italy.The cylindrical deposition chamber allows one to deposit substrates
with diameters of maximum 15 cm. The cathode electrode, fixed on the top side of the
chamber, supports circular targets with a diameter of 10 cm and it features a water
cooling system in order to stabilize the target temperature during the deposition (see
figure 5.6). The top side of the chamber is fixed on a motion system which allows one
to easily open and close the chamber itself. On the bottom side of the chamber there is
the anode (ground electrode), on which the substrates to be deposited can be arranged.
Directly under the ground electrode there are seven heating lamps which make pos-
sible to control the substrate temperature from room temperature to about 600 ∘C. A
loading utility featuring a small loading chamber can be used to insert the substrates
to be deposit without opening the main chamber. The reactor vacuum system features
a rotary pump (PFEIFFER, model: DUO20C) and a turbo molecular pump (PFEIFFER,
model: TPH261PC). A set of mass flow controllers are employed to control the deposi-
tion gasmixture and the relative fluxes. In order to bias the electrodes a RF power supply
(TRUMPF, model: PFG1000RF, frequency: 13.56 MHz, maximum power: 1 kW) is con-
nected to the electrodes by using a RFmatching network (TRUMPF, model: PFM1550A).
The reactor is controlled by a PC running a dedicated software which allows one to set
and monitoring all the operating parameters.

A niobium target (99% purity), shown in figure 5.7-A, has been employed in all the
depositions while the plasma has been fed with a mixture of Ar (99% purity) and O2
(99% purity) at the flow rates respectively of 50 sccm and 20 sccm1. Total pressure inside
the chamber was very low, in the order of 10 Pa with a plasma floating temperature
𝑇𝑓 < 60 ∘C.

Depositions times were in the range of 30 min to 60 min with an RF power in the
range of 150 W to 500 W at the fixed frequency of 13.56 MHz. Table 5.2 reports the
four most performing samples and their principal deposition parameters.

Before each deposition, the alumina substratewas cut from the slice, pre-conditioned
in oven for 4 h at a temperature of 400 ∘C in order to remove any possible residue due to
the substrate production (electrode screen-printing). Subsequently, each substrate was
cleaned in ethanol by using an ultrasonic cleaning machine, and then dried in air at
room temperature.

After the pre-conditioning, each substrate was placed inside the deposition chamber
centering it on the ground electrode (anode). A small silicon slice (about 1 cm2, cut from
a Si-wafer) was put beside the substrate as reference used for the film characterization.
In fact, the alumina substrates are not flat because of the platinum electrodes printed

1 sccm: “standard cubic centimeter per minute”. 1 sccm = 1690 cm3/s being the standard values for
pressure and temperature respectively 1 atm and 273 K, and being the pressure inside the deposition
chamber very low (∼ 10 Pa).
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Table 5.2: Summary of the deposited Nb2O5 sensing films and relative deposition pa-
rameters.

Sample Dep. Power (W) Dep. Time (min) Film Thickness (nm)

#1 150 60 160
#2 250 30 200
#3 500 30 500
#4 500 60 900

on its sides and, thus, it is not possible to characterize the thin-film thickness and mor-
phology directly on the substrate. In contrast, the silicon slice is characterized by a very
smooth surface (roughness lower than few nm) and, thus, it is very suitable for such
a type of analysis. The substrate was put with the interdigitated electrodes facing up
towards the target and a small alumina rectangular slice was put over the substrate in
order to mask and protect the sensor connections. The arrangement of the substrate
and the reference slice is shown in figure 5.7-B.

Subsequently, the chamber was closed and cleaned in a pure-Ar discharge with the
deposition shutter closed in order to avoid any possible contamination. Subsequently,
the shutter was open and after the introduction of O2 at the proper rate, the deposition
discharge was started. The matching unit was set properly to minimize the reflected
power. All the parameters were maintained constant for the whole deposition time.
After the deposition, each sensor was fully characterized, as explained in the following
section.

5.3 Sensor characterization
After the sensing film deposition, all the realized prototypes have been preliminary

tested. Subsequently, the most promising sensors, reported in Table 5.2, have been fully
characterized to assess their sensing performance.

The first step was to characterize the morphology and the structure of the deposited
film with a Field Emission Electron Scanning Microscope (FESEM). Then, the chemical
composition of the film was assessed by using the X-ray Photo-electron Spectroscopy
(XPS) analysis. Both the characterizationswere performed at theDepartment of Applied
Science and Technology, Politecnico di Torino, Turin, Italy.

Electrical and sensing characterizations were, instead, performed bymeans of a ded-
icated experimental bench specifically designed for gas measurements at the Depart-
ment of Engineering at University of Messina, Messina, Italy. In particular, an individ-
ual calibration of the substrate heaters has been carried out with the aim to reduce
the uncertainty of the sensor working temperature. Subsequently, the sensor response
of the prototypes has been assessed towards acetone and ethanol taking into account
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Figure 5.8: FESEM images of the Nb2O5 film for sensors #2 and #4.

its temperature dependence and also including several selectivity tests towards possi-
ble interferent gases. Finally, response and recovery times has been evaluated together
with the sensor repeatability and stability.

5.3.1 Morphology and structure of the sensing film
The morphology and the structure of the deposited films were characterized by us-

ing the Field-Emission Electron Scanning Microscope (FESEM) Supra 40 Zeiss. Several
pictures were taken by using the reference silicon substrates deposited together the sen-
sors, as described in the section 5.2.The characterization highlighted a strong difference
between the morphology of thin and thick films. Thick films, such as prototypes #3 and
#4, are characterized by a quite porous structure composed by thin vertically aligned
nano-rods whose diameter is in the order of 15 nm. Instead, thin films, such as proto-
types #1 and #2, have a compact structure with a smooth surface and no visible porosity.
From the characterization performed on the different samples, it seems that the thresh-
old between the two different structures is around a thickness of 500 nm. Moreover, the
deposition power seems to have an effect on the morphology as well. Films deposited
with an high power looks more porous and less smooth than films deposited with low
powers ( P < 250W). As an example, figure 5.8 shows the structure and the morphology
for prototypes #2 and #4. In the figure it is evident the different structure between the
two prototypes: sensor #2 has a thickness of about 200 nm with a compact structure
and a smooth surface with almost no porosity. Instead, prototypes #4 has a thickness of
about 900 nm and the strusture is very porous.
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Figure 5.9: XPS spectrum acquired on the prototype #3 and the high-resolution scanning
of the Nb 3d peaks.

5.3.2 Chemical characterization of the sensing film
A chemical characterization of the deposited film has been carried out with the aim

to verify that the deposited film was mainly composed by Nb2O5. Thus, a XPS analysis
has been performed on all the deposited prototypes by means of a PHI model 5000
electron spectrometer which was equipped with a monochromatic aluminum source
(1486 eV). All the measurements were performed employing a power of 25 W, and an
operating pressure below 5×10−6 Pa. A pass-energy of 11.75 eVwas set for performing
each high-resolution scanning. High-resolution spectra of the C 1s, O 1s and Nb 3d
peaks were acquired for each prototype.

The acquired spectra were corrected by using the C 1s line as energy reference.
Thus, all the binding energies were shifted so as to center the C peak on an energy of
284.6 eV. In fact, such carbon line, which is mainly due to environmental contamina-
tion, is known to be characterized by such a binding energy.

The spectra acquired on all the prototypes, regardless of the deposition parameters,
revealed the same chemical composition with negligible difference among their spectra.
As an example, figure 5.9 shows the XPS spectrum acquired on the prototype #3 along
with the high-resolution scanning of the Nb 3d peaks. As it is visible from the graph,
C, O and Nb are the only elements detected by the analysis. Moreover, it is clearly
visible the doublet composed by the lines Nb 3d3/2 and Nb 3d5/2, respectively centered
at binding energies of 209.8 eV and 207.1 eV. These peaks, characteristic of the Nb 5+
state, confirm, as expected, that the film composition is niobium(V) pentoxide, Nb2O5.
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Figure 5.10: Block diagram of themeasurement bench employed for the characterization
of the sensing properties of the prototypes.

5.3.3 Experimental characterization equipment
Subsequently, the electrical and sensing performance of the prototypes were as-

sessed by using a dedicated measurement bench specifically designed for the charac-
terization of gas sensors. The bench, whose block diagram is shown in figure 5.10, is
available at the Department of Engineering, University of Messina, Messina, Italy. The
bench features a small sampling chamber with an internal volume of about 5 cm3. The
small volume of the chamber turns out in a quick response to variations of the gas
composition even at very low flow rates. The sensor under test (SUT) is fixed on the
side with the sensing area facing upwards. Finally, an inlet and outlet allow the gas to
properly flow inside the chamber. The gas mixture is obtained by using a set of cer-
tified gas bottles as source and mixing the gases in the proper ratio by using a set of
five mass flow controllers (BRONKHORST, model: F-201C-FAC-22). These mass flow
controllers can be controlled by a computer and are able to set the gas flow rate with
a typical uncertainty of 2%. For each mass flow controller a valve was added to open
or close abruptly the relative gas flow. The use of these valves, instead acting directly
on the mass flow controllers, turns out in a very quick control of the gas flow because
no stabilization delay time is added. This, of course, results in a more accurate estima-
tion of the sensor response time. Furthermore, a gas bubbler is connected to the inlet
gas line. This way, by employing a humidity probe inside the chamber it is possible
to accurately change the relative humidity of the gas mixture. A digital power supply
(AGILENT, model: E3632A), connected to the sensor heater (contacts 3–4 in figure 5.3),
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Figure 5.11: The measurement bench employed in the prototype characterization with
detail of the sampling chamber: sensor under test (1), gas inlet (2) and gas outlet (3).

is employed to control in a closed-loop the sensor working temperature. In particular,
the substrate heater is used both as actuator and temperature probe:

• the power supply, connected to the computer bymeans of a GPIB Interface, drives
the heater with a specified output voltage and at the same time read-out the out-
put current;

• a software on the computer calculates the heater resistance as 𝑅𝐻 = 𝑉𝑂 / 𝐼𝑂
and, from it, the substrate temperature by using the heater characteristic curve
resistance vs temperature;

• a closed-loop proportional-integral-derivative control (PID), implemented in the
software, stabilizes the sensor working temperature by properly adjusting the
output voltage.

Finally, a picoammeter/voltage source (KEITHLEY, model: 6487) is connected to the
SUT contacts 1 and 2 (see figure 5.3). The instrument, connected always by means of
the GPIB Interface, measures accurately the resistance of the sensing film (sensor re-
sponse) by forcing a known voltage and reading out the flowing current. By using this
setup, it is possible to measure the sensing film resistance with a typical uncertainty
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Figure 5.12: Micrography with high-magnification details of the sensor substrate taken
over the interdigitated area. In the image are visible two platinum strips separated by
alumina and the different microstructure of the two materials.

of about 0.2% which can be neglected in respect to the other uncertainty sources. An
acquisition software running the the computer acquires the data visualizing them in
real-time graphs, and at the same time, it stores them in csv files for being subsequently
processed. Additionally, the described measurement bench allows one to program the
measurement steps (for example a sequence of different gas concentrations or tem-
perature steps) and automatize the measurement process. This is a very useful feature
because measurements on gas sensor can require time in excess of several hours. A
photo of the measurement bench with a detail of the sampling chamber is shown in
figure 5.11.

A conditioning of each prototype at 400 ∘C for 4 hwas carried out before any further
characterization in order to chemically stabilize the sensing film and get rid of any
possible contaminants.

5.3.4 Heater characterization
The platinum heater, shown in figure 5.3-A, has a total length of about 20 mm, a

width of 300 µm and a thickness of about 5 µm. It is characterized by a very porous
structure (see figure 5.12) due to the screen-printing manufacturing process and the
subsequent thermal treatment. The room-temperature heater resistance 𝑅𝑟 is about
4 Ω with a dispersion of about 0.5 Ω among the different substrates. Also the tem-
perature coefficient 𝛼 has a quite large dispersion in the range of 10 × 10−3 ΩK−1 to
20 × 10−3 ΩK−1.
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Table 5.3: Room-temperature heater resistance and temperature coefficient of three dif-
ferent substrates evaluated with a linear fitting of the experimental data.

Substrate 𝑅𝑟 (Ω) 𝛼 (ΩK−1)

A 4.61 17.36 × 10−3

B 3.92 12.03 × 10−3

C 4.23 11.70 × 10−3

As explained in the previous section, the heater is used both to control and mea-
sure the sensor temperature by employing a close-loop PID control. By inverting the
following relation:

𝑅 = 𝑅𝑟 + 𝛼 (𝑇 − 𝑇𝑟) (5.6)

it results:

𝑇 = 𝑇𝑟 + 1
𝛼

(𝑅 − 𝑅𝑟) (5.7)

which can be used to evaluate the sensor temperature from the measurement of the
heater resistance. Unfortunately, the uncertainty of the set temperature is not accept-
able with such a large dispersion of the parameters 𝑅𝑟 and 𝛼.

With the aim to get rid of this uncertainty, which indirectly strongly affects the ac-
curacy of the sensor working temperature, a calibration of each single substrate was
carried out by acquiring the heater resistance at several temperatures in the range of
30 ∘C to 400 ∘C. A power supply (AGILENT, model: E3632A) has been connected to
the heater contacts and employed to supply the heater with increasing power steps.
The substrate temperature has been measured by a thermocouple fixed to the substrate
with a thermal paste. After the substrate temperature stabilized, the heater resistance
has been measured with the power supply itself. This way, each substrate heater was
characterized and the relative calibration curve (heater resistance vs temperature) was
employed to estimate, by a linear fitting of the experimental data, the parameters 𝑅𝑟
and 𝛼 for each individual substrate. These parameters were stored within the PID con-
trol software (see previous section) in order to properly control the sensor working
temperature with an uncertainty as less as possible with the employed equipment. This
uncertainty can be estimated in about 10 ∘C by considering that the power supply is
able to measure the heater resistance with an uncertainty of less than 2%. Figure 5.13
shows, as an example, the calibration curves acquired for three different substrates. The
relative parameters are reported in Table 5.3.
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Figure 5.13: Calibration curves for three different heaters obtained by linear fitting of
the experimental data.

5.3.5 Temperature dependence of the sensor response
A very important parameter affecting the sensing response of a conductometric

metal-oxide gas sensor is surely the working temperature. As explained in the intro-
ductory material in chapter 4, sensitivity, selectivity and response times are all strongly
affected by the working temperature. In fact, the sensing mechanism of conductometric
gas sensors is based on chemi-sorption/chemi-desorption and diffusion processes act-
ing on the sensing film surface, and all of them strongly depends on temperature. Thus,
a characterization of the prototype responses to acetone at different working tempera-
ture was carried out with the aim to identify the best working conditions for each one
of the selected sensors.

Dry synthetic air was employed as carrier gas by setting two mass flow controllers
so as to have a mixture of oxygen at 20% and nitrogen at 80%. Additionally, a third
mass flow controller was set in order to have an equal acetone concentration of 5 ppm
along all the measurements and the different prototypes. By employing the closed-loop
PID controller described in section 5.3.3 and properly adjusting the heating power, the
working temperature was changed in the range of 200 ∘C to 400 ∘C in five steps. After
the temperature stabilized, the acetone was added to the carrier gas (synthetic dry air) at
the fixed concentration of 5 ppm by opening the relative valve, and the sensor response
was acquired in terms of resistance variation.

Figure 5.14 shows the results obtained on three different sensor prototypes: #1, #2
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Figure 5.14: Response to 5 ppm of acetone at different temperatures for three of the
selected prototypes.

and #4. As expected, the sensor resistance decreases when temperature increases, be-
ing the sensing material an oxide. In particular, all the sensors have a extremely limited
response at 200 ∘C with a resistance in the order of 10 GΩ. The response increases sig-
nificantly with the increasing of the temperature reaching its maximum between 300 ∘C
and 400 ∘C with a resistance in the order of 100 MΩ. It is immediately possible to note
how the two sensor #1 and #2 outperform largely sensor #4 in terms of relative response.

The prototypes relative responses as function of the working temperature has been
calculated from the experimental data. It is visible how all the sensors are characterized
by the typical bell-shaped temperature characteristic which is due to the balance the
gas chemi-sorption/desorption and diffusion processes occurring on the sensing film
surface. The responses with associated the relative deposition parameters are shown
in figure 5.15, which allows one to directly compare the sensor performance. Here, it
is visible how thinner films, especially the sensor #2, are characterized by a response
significantly larger than the thick one (#1). This can be explained by taking in con-
sideration the sensing mechanism of this type of sensors. The resistance variation of
the sensing film occurs as consequence of the establishment of a depletion layer (or
an accumulation layer for P-type semiconductors) due to the chemisorption of the air
oxygen and the partial removal of these bonds because of the reaction involving the
target gas (acetone) and the chemi-sorbed oxygen itself. This is a surface process due
to surface bonds and it does not involve the bulk material. In the case of a thin film,
the ratio between the thickness of the depletion layer and the thickness of the film can
easily reach values close to the unity, being most of the film depleted (figure 4.5). In
contrast, this ratio remains small in the case of a thick film. This means that in thick
films the bulk conduction is the predominant effect and, as consequence, they exhibit
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Figure 5.15: Temperature dependence of the prototype responses to 5 ppm of acetone
in the temperature range of 200 ∘C to 400 ∘C.

a smaller relative response when compared with thin films, where surface effects and
depletion layer modulation due to the gas chemisorption predominate. Nevertheless, it
is very interesting to note how sensor #1 and sensor #2 have a quite different response
event though their thickness is quite similar, and it is also interesting that #2 have a
better response than sensor #1 event thought it is thicker than the latter. This can be
explained only by taking into consideration the deposition parameters which turned
out in a slight different film morphology and sensing performance. Thus, it seems there
exists some optimal combination between thickness and deposition parameters, such
as deposition power, which results in a enhanced sensitivity of sensor #2.

It is also possible to note how thinner sensors reach the maximum sensitivity at
350 ∘C and, instead, the sensor #1 has the best performance at a temperature of 300 ∘C.

Finally, the resistance in pure air, 𝑅𝑎 has been evaluated for each prototype in the
same temperature range, and the resulting data are showed in figure 5.16. It can be
seen how resistance decreases with the increasing of the temperature following a quasi-
exponential trend. It is interesting to note how the two thin prototypes exhibit an almost
equal trend, but film #1 has a resistance slightly lower than sensor #2, event though the
former is thinner than the latter (#1: 160 nm; #2: 200 nm). This can be explained taking
in consideration the deposition parameters of the two films. In fact, the film #1 has
been deposited with a lower power than the film #2 (#1: 150 W; #2: 250 W). This turns
out in a deposition rate that is smaller in the sample #1. As consequence, there is the
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Figure 5.16: Temperature dependence of the sensor resistance in pure air in the temper-
ature range of 200 ∘C to 400 ∘C.

deposition of a more compact and stress-free film which is characterized by a slightly
higher conductivity in respect of film #2. Finally, prototype #4 has of course a much
lower resistance being it much more thick than the other two sensors.

In conclusion, this characterization in temperature showed how thin sensors per-
form much better than thick ones in terms of response to acetone within all the tested
temperature range, but achieving the best performance between 300 ∘C and 350 ∘C. In
particular, sensor #2 exhibit a response larger than sensor #4 by a factor greater than 2.

5.3.6 Response and recovery times
Subsequently, the prototypes have been characterized in term of response time. Re-

sponse time of a gas sensor can be an important factor in several applications such as the
breath analysis. In fact, having a fast-responding sensor means to decrease the breath
sampling time with significant benefits, such as increasing the measurement accuracy
(being the measurement less affected by the natural variability of the breath) and, at the
same time, reducing patient stress.

The same carrier gas mixture (O2: 20% and N2: 80%) has been employed during the
measurement with periodical addictions of acetone in a concentration so as to obtain
several 5 ppm pulses. The acetone flow has been controlled by opening and closing the
relative valve in order to keep rise and fall times as low as possible. The responses to
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steps of acetone from 0 ppm to 5 ppm and back from 5 ppm to 0 ppm for the three pro-
totypes (#1, #2 and #4) have been acquired at four different temperature in the range
of 250 ∘C to 400 ∘C, with the aim of determining respectively the response and recov-
ery times, and how these depend from the working temperature. In order to make the
transients comparable, they have been shifted in time and normalized in amplitude so
as to obtain all the transitions overlapping one on the others with a normalized ampli-
tude between 0 and 10. This way, it is possible to have an immediate evaluation of the
sensor performance. Figure 5.17 shows the normalized transients for sensors #2 and #4
for both positive (left) and negative (right) steps of acetone. Data acquired on sensor #1
have not been reported here for clarity of the graphs, being them almost equal to that
of sensor #2.

The dramatically difference between the two sensors is clearly evident: sensor #2
responds to the variation of acetone concentration much quicker than sensor #4. Same
behavior is visible for the sensor recovery. Moreover, it can be noted as both response
and recovery times decreases with the increasing of the temperature, even though tem-
perature dependence is almost negligible for the sensor #2.

Response and recovery times have been calculated by evaluating the time elapsed
between 10% and 90% of the transition. Figure 5.18 shows the temperature dependence
of response and recovery times for both the sensors #2 and #4.

The response of sensor #2 is extremely fast with a response time of about 5 s almost
constant in the tested temperature range. Best performance have been recorded at a
temperature of 350 ∘C at which the response time is only 3.6 s. This is a very excellent
result also considering that sensor achieves both best response time and best sensitivity
at the same temperature. Sensor recovery is also quite quick with a recovery time in the
order of 50 s which slightly decreases with the increasing of temperature and reaching
the best performance of 40 s at 400 ∘C.

Sensor #4 features, instead, a quite different behavior. Response to the same acetone
concentration ismuch slower and largely dependent from theworking temperature.The
response time goes from about 130 s at 250 ∘C to about 45 s at 400 ∘C.The recovery time
follows a similar trend going from about 140 s at 250 ∘C to 65 s at 400 ∘C.

This large difference in response and recovery times between the two prototypes,
even thought they are characterized by the same chemical composition (Nb2O5), can
be explained taking in consideration the different morphology and the thickness of the
two sensing films. As described in section 5.3.1, the film deposited on the sensor #4 is
very porous and has a thickness of about 900 nm. This turns out in a quite long time
required by the target gas molecules (acetone, in this case) to completely diffuse in and
out the microstructure and interact with the sensing film surface. Instead, sensor #2 is
characterized by a thin, compact and flat sensing film with almost no porosity, and this
turns out in a immediate interaction with the sensing surface and virtually no time is
required for the diffusion process. This also explains the different temperature depen-
dence. Diffusion processes strongly depend on temperature and, in general, diffusion
speed increases with temperature. As explained above, response times of sensor #4 are
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Table 5.4: Summary of the response and recovery times obtained by the sensors #2
and #4. Column four highlights the performance achieved at the best-sensitivity tem-
perature.

Sensor max time (s) min time (s) best-sensitivity time (s)

#2 (response time) 5.7 (250 ∘C) 3.6 (350 ∘C) 3.6 (350 ∘C)
#2 (recovery time) 52 (250 ∘C) 40.9 (400 ∘C) 48.8 (350 ∘C)
#4 (response time) 129 (250 ∘C) 46.1 (400 ∘C) 116.5 (300 ∘C)
#4 (recovery time) 140.9 (250 ∘C) 63.8 (400 ∘C) 125.8 (300 ∘C)

Figure 5.17: Response to 5 ppm steps of acetone for prototypes #2 and #4 at four different
temperatures in the range of 250 ∘C to 400 ∘C.

dominated by the diffusion processes inside the porous film and they largely decrease
with the temperature because of the increasing of the diffusion speed. In contrast, no
diffusion occurs in the chemisorption of the sensing film #2 and this turns out in a
negligible temperature dependence of the response times.

Table 5.4 reports a summary of the response times for both the prototypes. By con-
sidering the best-sensitivity temperature, it results that sensor #2 responds about 32
times quicker than sensor #4, and it recovers in less than half the time required by
sensor #4.

In conclusion, this characterization highlighted the extremely fast response of the
prototype #2 with a response time of about 3.6 s at 350 ∘C, temperature at which the
sensor also exhibits the best sensitivity. A much slower response has been, instead,
recorded for the sensor #4 with times exceeding two minutes. This makes prototype #2
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Figure 5.18: Temperature dependence of response and recovery times for the two sen-
sors in the temperature range of 250 ∘C to 400 ∘C.

very suitable for the breath analysis because it is able to reach a stable measurement
within few breaths with the benefit of increasing accuracy and reducing patient stress.

5.3.7 Sensor sensitivity and selectivity towards acetone
The described characterizations of sensitivity and response times, and their depen-

dence from temperature, allowed one to determine the optimal working temperature for
the tested prototypes. In particular, sensor #2 and sensor #4 reach the best performance
at temperatures respectively of 350 ∘C and 300 ∘C. Furthermore, the same character-
izations put in evidence how sensors #1 and #2 have similar behaviors, but the latter
outperforming the former by a factor of about 1.6 in terms of sensitivity. Therefore, it
was decided to focus the remaining characterizations only on sensors #2 and #4, making
them operate at their optimal working temperature.

Thus, sensitivity of the two sensors was fully characterized at several acetone con-
centrations with the same measurement setup. A proper amount of acetone was added
in several steps to the carrier gas mixture (O2: 20%, N2: 80%) in order to generate pulses
with specified acetone concentration.The responses for sensors #2 and #4were acquired
and are shown respectively in figures 5.19 and 5.20 (graph on the left). The response in-
creases with the increasing of the acetone concentration and, as expected, sensor #2
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outperforms #4 in terms of sensitivity. It is interesting to observe how, for both the sen-
sors, the resistance perfectly recovers to its reference value 𝑅𝑎 after the removal of the
acetone.

The relative response 𝑆 was calculated for both the sensors from the experimental
data by employing the relation:

𝑆 =
𝑅𝑎
𝑅𝑔

(5.8)

and the obtained sensitivity curve is shown in figures 5.19 and 5.20 (graph on the right).
In particular, the relative response of sensor #2 increases almost linearly but, as

soon as, the acetone concentration reaches about 3 ppm a saturation affect starts to be
visible. The saturation becomes more significant for concentrations higher than 7 ppm,
and already at a concentration of 12 ppm the sensor can be considered saturated.

A similar situation is visible for sensor #4, but at much higher concentrations. In
fact, the sensor response remains almost linear up to 10 ppm. Saturation starts to be
significant only for concentrations above 40 ppm.

Saturation, the progressive reduction of the sensor response when the target con-
centration increases, is a common effect with this kind of sensors. It is mainly due to the
limited the number of chemisorption centers available on the sensing film surface. As
soon as the target gas increases, the number of free centers decreases. Thus, saturation
is related to the equivalent sensing surface of the film.This explains the reason why the
thick sensor saturates at concentrations much higher than the thin one.

First-order and second-order fittings of the experimental data were carried out in or-
der to determine approximated empirical relations able to express the relative response
as function of the acetone concentration:

𝑆 = 𝑏𝑋 + 𝑐
𝑆 = 𝑎𝑋2 + 𝑏𝑋 + 𝑐

(5.9)

where 𝑋 is the acetone concentration expressed in ppm. Table 5.5 reports the fitting
coefficients for both the relations and both the sensors, together with the maximum al-
lowed concentration, 𝑋𝑚𝑎𝑥. In fact, linear relation can model the response of sensor #2
and #4 with good accuracy only below 3 ppm and 10 ppm, respectively. By inverting
these relations and replacing the numerical values of the coefficients it is possible to
model the response of the two sensors and to determine the gas concentration by mea-
suring the relative variation of the sensor resistance. Thus, one obtains:

𝑋 = 4.16 ⋅ (𝑆 − 1) (X ⩽ 3 ppm)

𝑋 = 13.1 − √206 − 35.1 ⋅ 𝑆 (X ⩽ 12 ppm)
(5.10)

for sensor #2, and:
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Table 5.5: Fitting coefficients obtained from the sensitivity curves of sensors #2 and #4
together the correspondent maximum allowed concentration, 𝑋𝑚𝑎𝑥.

Coefficient #2 - 1𝑠𝑡 order #2 - 2𝑛𝑑 order #4 - 1𝑠𝑡 order #2 - 2𝑛𝑑 order

a - -0.0285 - -0.0013
b ( ppm−1) 0.6664 0.7465 0.2389 0.2473
c ( ppm−2) 1.0014 0.9851 1.0145 1.0156
Xmax (ppm) 3 12 10 50

𝑋 = 1.5 ⋅ (𝑆 − 1) (X ⩽ 10 ppm)

𝑋 = 122 − √15900 − 1000 ⋅ 𝑆 (X ⩽ 50 ppm)
(5.11)

for sensor #4.
Another very important feature of a gas sensor is selectivity, defined as the capa-

bility of the sensor to have a high sensitivity towards the target gas and, at the same
time, to have a low response to other possible gases which can be present during the
measurement (interferent gases). This characteristic is very important in several appli-
cations. Breath analysis is one of these. In fact, human breath is a very complex mixture
of different gases and volatile organic compounds which can be present in a range of
concentrations from few parts-per-billion ( ppb) to hundreds part-per-million ( ppm).
Each one of them can be interferent in such a type of measurement. A sensor intended
to be employed in breath analysis must, therefore, features an excellent selectivity in
order to reduce the probability to obtain false-positive diagnosis.

In order to assess the selectivity of the proposed sensors, sensitivity towards several
possible interferent gases was assessed with the same measurement setup employed in
the case of acetone, testing some of these gases at different concentrations. Tested gases,
such as ammonia, carbon monoxide and dioxide, hydrogen, oxygen, methane, ethanol
and nitrogen dioxide, were added to the carrier gas mixture (O2: 20% and N2: 80%) so as
to have concentration of several ppm. The results of such testes are presented in fig-
ure 5.21 in terms of relative response towards the tested gas normalized by the tested
gas concentration, so as to provide a concentration-independent quality factor of the
sensor selectivity. It is evident how sensor #4 is characterized by a very excellent se-
lectivity towards all the tested gases with normalized responses typically close to the
detection limit (such as in the case of carbon dioxide, methane and oxygen), or in the
worst cases (such as carbon monoxide, hydrogen and ammonia) always lower than the
5% of the acetone response. Selectivity of sensor #2 is still excellent, even thought a
significant response was recorded with some of the tested gases, such as hydrogen and
ethanol with responses being respectively about the 13% (10 ppm) and the 27% (5 ppm)
of the acetone response.

In conclusion, the tests carried out put in evidence the good sensitivity to acetone of
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Figure 5.19: Response of the sensor #2 to acetone in the range of 1 ppm to 10 ppm at a
working temperature of 350 ∘C.

both the prototypes. In particular, sensor #2 is characterized by a very high sensitivity,
but with a low saturation limit of about 12 ppm. In contrast, sensor #4 exhibits a lower
sensitivity but with a much higher saturation limit. Thus, both sensors can be success-
fully applied in acetone monitoring, with sensor #2 preferred in application requiring
high sensitivity at a low concentration, and sensor #4 being more suitable for applica-
tions characterized by much higher concentrations. Both sensors, especially sensor #4,
are characterized by a very good selectivity towards several common interferent gases,
with the exception of ethanol, whose response is not negligible. Anyhow, both sensors
are suitable for being employed in the breath analysis of acetone. In fact, typical ace-
tone concentration in human breath is in the order of few ppm, therefore no one of the
sensors is expected to saturate or to be under the detection limit. Moreover, ethanol is
present in the human breath only after a significant intake of alcohol. Thus the possible
interference of ethanol can be easily deleted by avoiding any assumption of alcohol few
hours before the acetone test.

5.3.8 Sensor stability
Subsequently, all the described characterizations and tests, the stability of the two

sensors was assessed. Stability can be considered as the capability of the sensor to main-
tain its performance for a long time, after repeated measurements, and even after the
exposure to aggressive gases which could modify sensing surface and sensing charac-
teristics.

Thus, the sensitivity test to acetone of both sensors was repeated so as to put in ev-
idence any possible modification of the sensing performance. With this aim, the sensor
response to several acetone pulses with a concentration of 5 ppm was evaluated. As an
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Figure 5.20: Response of the sensor #4 to acetone in the range of 1 ppm to 40 ppm at a
working temperature of 300 ∘C.

Figure 5.21: Normalized responses of the sensors #2 and #4 to several possible interfer-
ent gases, together with the tested concentration.

example, figure 5.22 shows five repeated acetone pulses for sensor #2 (graph on the left)
and sensor #4 (graph on the right).

It is clearly visible how there is no significant offset of the reference resistance 𝑅𝑎
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Table 5.6: Statistical parameters extracted by the stability test performed on both sen-
sors.

Sensor #2 Sensor #4
𝑅𝑎 𝑅𝑔 𝑆 𝑅𝑎 𝑅𝑔 𝑆

µ (MΩ) 944.6 255.8 3.66 390.4 182.7 2.13
σ (MΩ) 14 1.1 0.07 1.1 2.18 0.03

ε 1.5% 0.4% 1.9% 0.3% 1.2% 1.4%

Figure 5.22: Responses to repeated acetone pulses at 5 ppm for sensors #2 (left) and #4
(right).

after repeatedmeasurements, and how the sensor response features a good repeatability
without significant drift and hysteresis. Table 5.6 reports the statistical data derived
from the stability measurements on both the sensors. In particular, the relative error on
repeated sensitivity measurements is quite low and it is in the order of 1.9% and 1.4% ,
respectively, for sensor #2 and #4.

It is also interesting to note how the relative response changed because of the re-
peatedmeasurements with the interferent gases performed during the selectivity testes.
Sensitivity of sensor #2 changed from 3.98 to 3.66 exhibiting a variation of about 8%.
Instead, the sensitivity of sensor #4 changed from 2.28 to 2.13 with a variation of about
6.5%. Even thought this variation is surely not negligible, however, it should be consid-
ered that several measurements were performed in presence of highly aggressive gases
(such as N2O), even at very high concentrations.Thus, the obtained results confirm good
stability and repeatability of the proposed sensors.
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Figure 5.23: Response of sensors #1 and #2 towards 10 ppm of ethanol in the temperature
range of 250 ∘C to 400 ∘C.

5.3.9 Sensor sensitivity towards ethanol
The selectivity tests put in evidence a noteworthy response of sensor #2 to ethanol

at a concentration of 5 ppm. Thus, further characterizations were carried out to better
assess the performance of this prototype towards ethanol and to investigate the possi-
bility to employ such a sensor for ethanol as well.

Firstly, the sensitivity dependence from temperature has been evaluated for both the
sensors #1 and #2 in a temperature range of 250 ∘C to 400 ∘C by employing the same
setup described in section 5.3.5, but employing an ethanol concentration of 10 ppm.
Results are shown in figure 5.23. It is possible to observe the response of the sensors at
four different temperatures. Both sensors have a behavior similar to the one obtained
with the acetone: sensitivity increases with the increasing of working temperature.

By employing these data, the relative response of the sensors was evaluated and it
is shown in figure 5.24. It can be observed how sensitivity goes from about 1.1 at 250 ∘C
to about 2.7 at 400 ∘C with only a minimal differences between the two sensors. Thus,
it seems that the optimal working temperature is higher than 400 ∘C for both sensors.
Unfortunately, the actual temperature range of the measurement setup goes from room
temperature to maximum 400 ∘C and, thus, it is not possible, at the moment, to better
investigate this characteristic.

Subsequently, the response times were assessed by measuring, for both the sensors,
the response to a step of ethanol from 0 ppm to 10 ppm and back to 0 ppm. Figure 5.25
shows the responses to the positive step on the left, and of the negative one on the right.
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Figure 5.24: Temperature dependence of the sensors responses towards 10 ppm of
ethanol in the temperature range of 250 ∘C to 400 ∘C.

In the same graphs there are also included the step responses (in dashed lines) of sen-
sor #2 to acetone pulses at 5 ppm as a way to compare the response times towards ace-
tone and ethanol. It is possible to see how response times are comparable between the
two sensors and between ethanol and acetone. Figure 5.26 shows the response and the
recovery times with the aim of highlighting the dependence of the response times from
temperature. As before, dashed lines refer to the acetone test performed on sensor #2.
Response times to ethanol for both sensors are comparable to times obtained with ace-
tone, and all are in the order of few seconds. Some difference between sensor #1 and #2
in presence of ethanol can be observed only at temperatures below 300 ∘C: sensor #1 is
slower than #2 of about 20 s at a temperature of 250 ∘C.

Instead, a very different behavior of recovery times was recorded between ethanol
and acetone. It can be observed how recovery time of sensor #2 in presence of acetone
slightly decreases with the increasing of the temperature, as described and explained in
section 5.3.6. Instead, recovery time of the same sensor in presence of ethanol exhibits
a completely different trend: it starts from about 60 s at 250 ∘C, then decreases with the
temperature down to about 25 s (between 250 ∘C and 350 ∘C) but after this, suddenly,
increases with the temperature, reaching about 73 s at 400 ∘C. A similar trend has been
found also for sensor #1 exposed to ethanol, but it seems shifted at lower temperatures
by about 50 ∘C. Such behavior cannot be easily explained and it is not typical found in
such a kind of sensors. Further investigations are required in order to better investigate
such an effect.

As conclusion, although more investigations are required, the preliminary charac-
terizations already performed revealed the suitability of the proposed Nb2O5 prototypes
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Figure 5.25: Response to 10 ppm steps of ethanol for prototypes #2 and #4 at four differ-
ent temperatures in the range of 250 ∘C to 400 ∘C, and comparison with the response
of sensor #2 to acetone steps at 5 ppm.

to be employed as ethanol sensors.

5.4 Conclusions and future work
Chapter 5 describes the research activities carried out during the development and

the characterization of high-sensitive acetone sensors based on Nb2O5 thin films. Sev-
eral prototypes were deposited on small alumina substrates and individually character-
ized in terms of film structure and composition. All the deposited prototypes revealed
a sensing film composed mainly by Nb2O5 with thickness ranging between 100 nm to
1 µm. Thin films, deposited with a low deposition rates, are characterized by a compact
non-porous structure. In contract, thick film deposited with a higher power, exhibit a
porous structure composed by tiny vertical nano-rods. The sensing performance of the
prototypes were assessed by employing a dedicated measurement setup. Preliminary
tests were carried out to characterize the heater of each deposited prototype in order
to increase accuracy of the sensor working temperature. The subsequent tests revealed
an optimal working temperature in the range of 300 ∘C to 350 ∘C, according to the
specific prototype. The achieved sensitivities allow one to detect acetone down to the
ppm level and, therefore, both sensors are suitable for the breath analysis of acetone
for the assessment of diabetes. In particular, sensor #2 revealed very high sensitivity
in the sub-ppm level, but with a saturation point of about 12 ppm. Instead, sensor #4
features a much higher saturation point, but with a lower sensitivity. Moreover, sensor
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Figure 5.26: Sensitivity dependence from temperature of sensors #1 and #2, towards
ethanol (10 ppm), and of sensor #2 towards acetone (5 ppm).

#2 revealed a very fast response with a typical time of about 5 s, almost independent
by the working temperature. This is very useful in the breath analysis field: having a
fast response allows one to reduce the breath sampling time with the consequent re-
duction of patient effort and stress during the test. Both sensors are characterized by an
excellent selectivity towards acetone, with all the tested interferent gases having neg-
ligible responses. The only detected interferent gas was ethanol for sensor #2. Anyway,
this does not represent a severe issue for the employment of the sensor in the acetone
monitoring. Ethanol in exhaled breath is exclusively due to the intake of alcohol. Avoid-
ing alcohol assumption before the acetone test can easily revolve such an issue. All the
tested prototypes demonstrated very good stability with negligible variation of their
response after several repeated test with acetone and other different gases.

Further measurements have been planned in order to better characterize the sensing
performance of sensor #2 towards ethanol with the aim of developing an ethanol sen-
sor, as well. Furthermore, new deposition parameters will be tested in order to improve
the sensing performance. Mixed depositions of Nb2O5 together with small quantities of
impurities, such as platinum and gold, will be carried out and the new prototypes will
be characterized and compared with those already described in this thesis. Eventually,
a thermal post-treatment (annealing) will be carried out in inert atmosphere at temper-
atures between 400 ∘C and 700 ∘C with the aim of assessing if such a treatment can be
beneficial in terms of sensitivity, selectivity and stability of the sensors.
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Chapter 6

Conclusions

Environmental monitoring, especially in terms of pollution, and health care are top-
ics of primary importance in order to improve health status and life conditions of hu-
man beings. In this framework, the development of cost-effective and high-performing
sensors in extremely important. The research work discussed in this thesis deals with
such topics and in particular with the development and characterization of a novel ap-
proach for monitoring the atmospheric particulate matter, and the realization of high-
performing gas sensors for breath analysis.

As discussed in chapter 2, a widespread monitoring of the particulate is mandatory,
especially in high polluted areas featuring high population density, such as big cities
and industrial areas. Such amonitoring can significantly help to safeguard people health
and provide real-time alarms when unsafe conditions are reached. Moreover, a capil-
lary monitoring can provide useful information for better understanding the processes
involved in the production, transportation and deposition of atmospheric particulate
matter.

Instruments typically employed in this field are often bulky and expensive, and this
strongly limits their employment in such a kind of applications. Furthermore, such in-
struments usually provide only a partial characterization of the aerosol focusing the
measurement only on specific properties of the particulate.

A newmeasurement approach is, therefore, proposed in chapter 3. Such an approach
is based on the detection of the single particles captured on standard glass fibre filter by
means of a cheap digital camera connected to a RaspberryPI ZeroW board. A dedicated
image processing software is able to identify each particle and estimate its equivalent
size.

Three different working prototypes were realized and tested in order to assess the
feasibility of the proposed approach and the achieved performance. The three pro-
totypes share the same optical camera system and differ only for the adopted filter
management. The first prototype employs a manual filter management where user in-
tervention is required to replace the filter. The second prototype, instead, features a
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semi-automatic filter management which allows one to perform up to seven sequen-
tial measurements automatically. Eventually, the third prototype employs a completely
automated filter management which is able to continuously perform measurements for
months without any maintenance.

The characterizations carried out on the prototypes demonstrated the feasibility of
the proposed method highlighting quite promising results. In particular, the system is
able to detect particles down to about 3 µm, limited by the filter mesh size and the opti-
cal system resolution. Measurements of the total particulate amount in µg/m3 and the
particulate size distribution are provided in real-time.The long-range LoRa connectivity
permits an easy arrangement of a wide-range wireless sensor networks for a capillary
monitoring of atmospheric particulate matter. Furthermore, tests performed at different
backlighting wavelengths put in evidence the possibility to implement a simple spectral
analysis of the captured particles which might be able to provide additional informa-
tion about the aerosol type and composition. Eventually, the comparison carried out
towards a commercial laser-scattering station revealed a quite good agreement of the
two instruments with comparable results.

Even thought additional characterization are surely required to fully assess the sys-
tem performance, it seems that such proposed method can be a valid low-cost alterna-
tive to the commonly employed equipment in several different application fields.

The other main topic is, instead, the breath analysis. This diagnostic method, briefly
discussed in chapter 4, is nowadays becoming a valid alternative to conventional ap-
proaches such as blood and urine tests. Its principal advantages are: non-invasiveness,
fast response and low management costs. However, such method requires the detection
of specific biomarkers in the exhaled breath and, usually, such biomarkers features con-
centrations of few ppm or ppb. This turns out in a increasing demand of high-sensitive
and selective sensors.

Therefore, several conductometric gas sensors based on metal oxides were realized
with the aim of developing high-performing sensors suitable for such a field. Such sen-
sors, discussed in chapter 5, revealed excellent sensing performance towards acetone, a
recognized biomarker of diabetes. Several sensor prototypes were realized by deposit-
ing thin films of Nb2O5 on small alumina substrates. The deposition was carried out
by reactive plasma sputtering in a capacitively-coupled parallel-plate reactor by testing
several different combination of deposition parameters.

Several characterization were carried out on the different prototypes in order to as-
sess their physical and chemical properties, and their sensing performance. In particu-
lar, sensitivity, selectivity, stability and response times were investigated with dedicated
tests and two of them (sensor #2 and #4) demonstrated excellent performance.

Sensor #2, characterized by a thin sensing film, exhibits a high sensitivity and it is
suitable for detecting acetone at the sub-ppm level. Furthermore, such sensor features
excellent selectivity and an extremely fast response time of about 4 s. Sensor #4, in-
stead, has a much thicker sensing film and features a lower sensitivity. Anyhow, such
sensor, thanks to its higher saturation limit, is able to measure acetone concentrations
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in excess of 50 ppm. This makes it more suitable for application where a high acetone
concentration is expected. Sensor #4 is characterized by a still excellent selectivity but
a quite slower response. The only interferent gas detected in the selectivity tests was
ethanol. Fortunately, ethanol is present in the exhaled breath only after the intake of
alcohol. Therefore, limiting the assumption of alcohol before the acetone test is enough
in order to avoid such an issue. Eventually, stability tests demonstrated the absence of
significant offset and hysteresis in the sensor response also after repeated exposures
to several aggressive gases. Both sensors are suitable for being employed in the breath
analysis of diabetes, even thought sensor #2 can significantly reduce the measurement
time due to its extremely fast response.

In conclusion, an innovative detection approach for the monitoring of atmospheric
particulate matter was proposed and validated with experimental tests. Such method
demonstrated its feasibility for being employed in a widespread monitoring of the pol-
lution thanks to its real-time response and low cost. Sensor for monitoring of acetone in
exhaled breath were realized and fully characterized.They demonstrated excellent sens-
ing performance which make them suitable for the implementation of portable breath
analyzers thanks to their small size and low power consumption. Further investigations
will be carried out on both the particulate monitoring system and the sensors in order
to improve their performance with the ultimate aim to develop effective devices to be
employed in the environmental monitoring and breath analysis fields.
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