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1 Semiconductor Materials: An Overview  

Semiconductor materials are characterized by an electrical conductivity falling 
between conductor (copper, gold, etc.) and insulator (glass, plastic, etc.) ones, that 
decreases with the temperature increasing, so defining a opposite behavior with 
respect to conductors. Semiconductors could be intrinsic or extrinsic [1]: 
 

• intrinsic semiconductors are almost pure semiconducting materials, where the 
small amount of impurities (1016 − 1018 acceptor/donor states density) does not 
affect in a determinant way their electrical behavior. All the charge carriers jump 
from valence to conduction band, because of thermal or optical electron excitation 
and, their number in conduction band is equal to the number of the holes left in 
valence band; this is obvious considering that the conduction electrons originate 
from the material pure crystalline material structural atoms themselves (Fig. 1.1a) 
and both electrons and holes contribute to the total current flowing. The Fermi 
level (i.e. the level with occupation probability equal to 1/2) is located in the 
middle of the gap, between conduction and valence band [2]; 
 

• Extrinsic semiconductors are obtained by introducing impurities (doping process) 
into the pure crystalline structure (Fig. 1.1b), so modifying their electrical 
properties. The carrier amount is increased introducing pentavalent (donors, i.e., 
they give an electron to the crystal) or tetravalent atoms (acceptors, i.e., they 
accept an electron from the crystal), obtaining a n-type or p-type doped 
semiconductor respectively. The Fermi level is located close to conduction band in 
the first case and to the valence band in the second one [3].  

 

 

 Figure 1.1: a) Intrinsic semiconductor structure: yellow and green circles are the 

semiconductor ions (Silicon in this example) and electrons; b) N-Type extrinsic 

semiconductor structure: red and yellow circles represent impurity atoms and their free 

electrons; green circles represent the bounded electrons. 
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Semiconductor junction occurs when two differently doped regions coexist in the 

same crystal volume. The electrical behavior of charge carriers, such as electron and 

holes, at the junctions is at the basis of all the modern electronics and sensor theory. 

The depletion approximation (DA), i.e., assumption that all’ the crystal impurities are 

completely ionized an room temperature (𝑇 = 300𝐾), has been applied here to treat 

with doped semiconductors; it is worth to note that DA is a rational assumption to 

work with the semiconductor materials of our interest [4].  

In semiconductor physics, a crucial role is held by surface states, responsible for many 

phenomena occurring at the semiconductor surface. To highlight the real importance 

of the surface states in the sensor physics, they are widely treated in the next 

paragraph.  

1.1 Surface States and Implication on Bands in Planar Geometry 

Surface states are energy states, located very close to the crystal surface, 

energetically laying between valence and conduction band. They are generated by 

defects and atom rearrangements of the periodic structure of a semiconductor crystal 

at the surface where the regular bulk crystalline lattice terminates abruptly (it results 

perturbed). They outline an actual band of several acceptor and donor permitted 

states that can be occupied by conduction electrons with energy below Fermi Level. 

Surface states, including both donor and acceptor states, are usually partially filled, 

so 𝐸𝐹 is located within the surface states energy band [5]. 

For instance, a 2D n-Type doped semiconductor (Fig1.1.1) owns free electrons in its 

conduction band at room temperature. The surface states, being acceptor states, are 

characterized by energies lower than the conduction band ones, so the surface state 

electrons electrochemical potential is lower than the conduction band electrons one; 

this issue forces the electrons to migrate at the surface states to minimize the total 

energy of the system. 

 



6 
 

 

 

 

 

This mechanism generates a negative charge layer on the semiconductor surface and 

a positive charge region, so called depletion region, between the surface and the bulk 

(Fig. 1.1.1) [5]. 

The aforementioned negative charge, balanced by positive depletion region,  is 

spread on a very thick surface layer with very low thickness leading to “Double Layer” 

configuration. The latter, representing a charge unbalance, generates an electric field, 

and consequently a potential difference, responsible of a surface potential barrier 

that hinders the in-out electron crossing (Fig 1.1.2) [6] [7].  

 

 

 

 

Thick-film nanostructured metal-oxide sensing materials, on which the sensors used 

in this research are based, are composed by a flat and porous layer of semiconductor 

Figure 1.1.1: 2D Double Layer Effect for a n-type doped semiconductor crystal. Red and 

yellow circles  are the doping ions and the free electrons and 𝜌 is the charge density. 

Figure 1.1.2: Band Bending Effect. CB and VB are the conduction and valence band 

respectively, SS is the surface state energy band. 
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nanograins (with an average size of about 50-200 nm), where a 3D-double potential 

barrier occurs between each grains couple interface, due to the double layer effect 

explained above (Fig 1.1.3). The conduction band electrons have to cross several 

double barriers to pass through several nanograins (Fig. 1.1.3). 

 

 

 

 

 

The depletion region width for a n-Type semiconductor will be computed first in 1D, 

to further extend the result for 3D spherical grains.  

Assuming that all semiconductor material donors or acceptors are completely ionized 

at 𝑇𝑟𝑜𝑜𝑚 = 300𝐾 (assumption always valid in semiconductors of our interest; DA), 

the charge density is:  

𝜌 = 𝑞𝑁𝑑         (1.1.1) 

 

where 𝑁𝑑  is the impurity atom density and 𝑞 = −𝑒 is the electron charge.  

Introducing now the 1D-Poisson equation (linking the electric potential with the 

charge density) and replacing 𝜌 with (1.1.1) what outcomes is: 

 

𝑑2𝜙

𝑑𝑥2
=

−𝑒𝑁𝑑

𝜖𝑟𝜖0
         (1.1.2) 

 

where 𝜙 is the electric potential,  𝜖𝑟  and 𝜖0 are the relative and vacuum dielectric 

constants respectively. 

Electron electric potential as function of the distance from the surface x, 𝑉(𝑥), 

assuming the material uniformly doped ( 𝑁𝑑  = constant), is defined as: 

 

Figure 1.1.3: double layer effect and consequent potential barrier among nanograins (green, 

red and yellow areas are surface negative layer, positive depletion region and bulk 

respectively). On the bottom, stylized scheme showing electrons (green points) in conduction 

band and the barriers hindering the electron crossing through them. 
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𝑉(𝑥) = 𝜙𝐵 − 𝜙(𝑥)         (1.1.3) 

 

where 𝜙𝐵 is the bulk potential energy of the semiconductor [8]. 

Placing (1.1.3) in (1.1.2), the integration of the latter leads to the electric field relation: 

 
𝑑𝑉(𝑥)

𝑑𝑥
=

−𝑒𝑁𝑑

𝜖𝑟𝜖0
(𝑥 − 𝑥𝑑𝑒𝑝)        (1.1.4) 

 

where 𝑥𝑑𝑒𝑝 is the space charge region thickness, determined recalling the neutrality 

condition for a planar charge distribution; it represents the need to have an opposite 

equal total charge between positive depletion and negative surface regions: 

 

𝑁𝑠 = 𝑥𝑑𝑒𝑝𝑁𝑑         (1.1.5) 

 

where 𝑁𝑠 is the surface state density. 

Poisson equation is solved satisfying the electric field boundary condition, considering 

the fact that the electric field is equal to zero in the bulk region (1.1.6). 

[
𝑑𝑉(𝑥)

𝑑𝑥
]

𝑥=𝑥𝑑𝑒𝑝

= 0        (1.1.6) 

The electric potential expression (1.1.7) comes out integrating (1.1.2) once more and 

stating [𝑉(𝑥) = 0]𝑥=𝑥𝑑𝑒𝑝
 (the potential is equal to zero in the bulk region). 

𝑉(𝑥) =
−𝑒𝑁𝑑

2𝜖𝑟𝜖0
(𝑥 − 𝑥𝑑𝑒𝑝)2        (1.1.7) 

 

Solving the equation (1.1.7) at the surface (𝑥 = 0), the result is the so called Schottky 

relation (1.1.8), that relates the surface potential barrier 𝑉𝑠 with the depletion region 

width and the donor states amount [8]. 

 

𝑉𝑠 =
−𝑒𝑁𝑑

2𝜖𝑟𝜖0
(𝑥𝑑𝑒𝑝)2     (1.1.8) 

 

Equation (1.1.8) is also valid for p-type doped semiconductors, replacing – e and 

𝑁𝑑 with +e and 𝑁𝑎 respectively. 

A relationship between 𝑉𝑠, 𝑁𝑠, and 𝑁𝑑, for a n-type doped semiconductor can be 

written out combing (1.1.5) and (1.1.8): 
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𝑉𝑠 =
−𝑒𝑁𝑠

2

2𝜖𝑟𝜖0𝑁𝑑
     (1.1.9) 

 

These results are obtained assuming a “clean” semiconductor surface  (i.e., without 

any absorbed substance). Thinking to place the semiconductor in a real atmosphere, 

𝑉𝑠 would be affected by the surface absorbed oxygen ions (𝑂2
− 𝑎𝑛𝑑 𝑂−) and the 

molecular oxygen (𝑂2) [7].  

1.2 3D Nanograins (From Planar to 3D Geometry) 

Metal-oxide nanostructured sensing film, representing the active material of the 

sensors employed in this work, is made by semiconductor nanograins in contact each 

other, well approximated with nanospheres of radius R; the passage from the planar 

to 3D spherical model is crucial to apply here the theory developed in the previous 

paragraph to spherical semiconducting nanograins, assuming the DA remains still 

valid. 

Considering the particular symmetry, spherical coordinates will be used to solve the 

3D-spherical problem. 

 

 

 

 

 

As first, let’s consider the case where Λ < 𝑅 (𝑅0 > 0): 

 

𝛬 = 𝑅 − 𝑅0        (1.2.1) 

 

 where Λ the depletion shell width, 𝑅 and 𝑅0 the grain and bulk radius (Fig. 1.2.1). 

On this basis, the Poisson equation in polar coordinates is: 

Figure 1.2.1:  two nanograins in contact. 𝑅0 and 𝑅 are the bulk and grain radius, Λ = 𝑅 − 𝑅0 

is the depletion region width. The green and red spherical shells represent the superficial 

negative charge and the positive depletion regions respectively and, the yellow nucleus is the 

bulk.  
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1

𝑟

𝑑2[𝑟𝜙(𝑟)]

𝑑𝑟2
=

−𝑞𝑁𝑑

𝜀
        (1.2.2) 

 

where 𝜀 = 𝜀0𝜀𝑟  is the absolute dielectric constant of the material and 𝜙(𝑟) is the 

electric potential as a function of r. 

The potential 𝜙(𝑟) and the electric field 𝐸 are zero in 𝑟 ≤ 𝑅0 and the potential 

difference between the grain surface and bulk is called built-in potential (i.e., a 

potential generated by the internal spherical charge unbalance). 

The Boundary conditions to obtain a unique solution of polar Poisson equation are: 

 

1)  
𝑑𝜙

𝑑𝑟
|𝑟=𝑅0

= 0   𝑎𝑛𝑑    2) ϕ|𝑟=𝑅0
= 0;        (1.2.3)  

 

Equation (1.2.2) relation must be integrated once to obtain the functional form of the 

electric field 𝐸 as function of 𝑟: 

 
𝑑[𝑟𝜙(𝑟)]

𝑑𝑟
=

−𝑞𝑁𝑑

2𝜀
𝑟2 + 𝐴        (1.2.4) 

 

The potential as function of r is obtained integrating twice the (1.2.2): 

 

𝜙(𝑟) =
−𝑞𝑁𝑑

6𝜀
𝑟2 + 𝐴 +

𝐵

𝑟
     (1.2.5) 

 

where A and B are two integration constants to be defined by exploiting the boundary 

conditions (1.2.3). 

The final and unique solution of the 3D spherical Poisson equation for the potential 

is: 

 

𝜙(𝑟) =
−𝑞𝑁𝑑

6𝜀
𝑟2 +

𝑞𝑁𝑑𝑅0
2

2𝜀
−

𝑞𝑁𝑑𝑅0
3

3𝜀𝑟
        (1.2.6) 

 

The (1.2.6) includes three terms: a parabolic, a constant and a hyperbolic one. 

• the parabolic term has the same functional form as in the planar case. 

• the constant term has no physical meaning. 

• the hyperbolic term represents the only difference between the spherical model 
and the planar one. 
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Revised charge neutrality condition for 3D-spherical geometry, assuming the 

negligibility of the negative surface layer width, is: 

 

𝑁𝑑𝑉𝑑𝑒𝑝 = 𝑁𝑠𝐴𝑠𝑢𝑟          (1.2.7) 

 

where  𝑁𝑑  and 𝑁𝑠 are the depletion donor atoms density and the surface state one, 

𝑉𝑑𝑒𝑝 is the depletion region volume and, 𝐴𝑠𝑢𝑟  is the grain surface. 

Inserting the depletion region volume and grain surface area expressions in (1.2.7), it 

becomes: 

𝑞𝑁𝑑 (
4

3
𝜋𝑅3 −

4

3
𝜋𝑅0

3) = 𝑞𝑁𝑠(4𝜋𝑅2)        (1.2.8) 

 

and the surface potential 𝑉𝑠 is: 

 

𝜙(𝑟)|𝑟=𝑅 = 𝜙(𝑅) = −𝑉𝑠        (1.2.9) 

 

In conclusion, 𝑁𝑠 and 𝑉𝑠 are defined from (1.2.6) and (1.2.7), exploiting (1.2.1) ,in 3D 

spherical coordinates: 

 

𝑉𝑠 = −𝜙(𝑅) =
𝑞𝑁𝑑

2𝜀
Λ2 (1 −

2Λ

3𝑅
)        (1.2.10) 

𝑁𝑠 =  Λ𝑁𝑑 (1 −
Λ

𝑅
+

Λ2

3𝑅2
)        (1.2.11) 

 
The main conclusions that can be stated observing (1.2.10) and (1.2.11) relations to 

understand in-depth some not trivial system dynamics are: 

• if Λ << 𝑅 (the grain is strongly larger than bulk), the results are comparable with 
the planar model ones; 

• if Λ → 𝑅 (very small bulk) 𝑉𝑠 and 𝑁𝑠 estimates are 1/3 with respect to the planar 
case ones. It means that in 3D-spherical case, the depletion region positive charge 
is neutralized by 1/3 of the 𝑁𝑠 negative charge, necessary for the depletion 
charge neutralization in the planar case. 
 

Thus, assuming Λ ≡ 𝑅,  the smaller is the grain size Λ, the smaller is 𝑁𝑠, the smaller is 

𝑉𝑠, the greater is the grain flowing current [4]. 
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1.3 Failure of the Depletion Approximation (DA) 

The flattening of the band bending consists in the conduction band upward flattening 

inside the grains (Fig. 1.3.1). The difference ∆𝐸𝑐 = 𝐸𝑚𝑎𝑥
𝑐 − 𝐸𝑚𝑖𝑛

𝑐  decreases, where 

𝐸𝑚𝑎𝑥
𝑐  and 𝐸𝑚𝑖𝑛

𝑐  are the conduction band maximum and the minimum energies. 

If the grain is big enough to allow the bulk presence, 𝐸𝑚𝑖𝑛
𝑐  is the bulk conduction band 

energy; if the gain size decreases enough, leading to the bulk disappearing, the 

flattening of band bending occurs and 𝐸𝑚𝑖𝑛
𝑐  will increases; this effect occurs because 

the grain is not large enough to allow the complete potential extinction (Fig 1.3.1) [4]. 

  
 

 

 

Thus, if grains are in the flattening of band bending condition:   

                                 

∆𝐸𝑐 = 𝐸𝑐
𝑠𝑢𝑟𝑓

− 𝐸𝑐
𝑐𝑒𝑛𝑡 ≪ 𝑞𝑉𝑠.     (1.3.1) 

 

where 𝐸𝑐
𝑠𝑢𝑟𝑓

 and 𝐸𝑐
𝑐𝑒𝑛𝑡 are the conduction band energy on the grain surface and 

center respectively. 

In the limit Λ ≡ 𝑅 and Λ → 0, the depletion approximation is no longer valid and the 

real charge density has to be taken into account and it is: 

  

𝜌 = −𝑞𝑁𝑑 +  𝑞𝑁𝑑𝑒
𝑞𝜙

𝐾𝑏𝑇      (1.3.2) 

 

where the conduction band state density has been used. 

Thus, the (1.2.2) become: 

 

Figure 1.3.1: changing of ∆𝐸𝑐  due to the flattening of the band bending effect. The grains 

on the left are with bulk (Λ < 𝑅) and the grain on the right is without bulk (Λ > 𝑅). 
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1

𝑟

𝑑2[𝑟𝜙(𝑟)]

𝑑𝑟2
=

𝜌

𝜀
= −

𝑞𝑁𝑑

𝜀
+

𝑞𝑁𝑑

𝜀
𝑒

𝑞𝜙
𝐾𝑏𝑇      (1.3.3) 

 

To solve uniquely the differential equation (1.3.3), three boundary conditions are 

required: 

𝜙(𝑟)|𝑟=𝑅 = 𝜙(𝑅) = −𝑉𝑠     (1.3.4𝑎) 

 

−
𝑑𝜙

𝑑𝑟
|𝑟=0 = 0     (1.3.4𝑏) 

 
The (1.3.4a) states that the surface potential is equal to 𝑉𝑠, the (1.3.4b) states that, 

the tangent to conduction band in the grain center is parallel to the x axes (Fig. 1.3.1). 

Furthermore, (1.3.5), imposing the grain charge neutrality, plays the role of the third 

boundary condition. 

 

∫ 𝜌 𝑑3𝑟
𝑉

= ∫(
𝑞𝑁𝑑

𝜀𝑙

−
𝑞𝑁𝑑𝑒

𝑞𝜙
𝐾𝑏𝑇

𝜀
)4𝜋𝑟2𝑑𝑟 = ∫

𝑞

𝜀
𝑁𝑠𝑑2𝑟

𝑠𝑢𝑟𝑓

=
𝑞

𝜀
𝑁𝑠4𝜋𝑅2     (1.3.5) 

 

and so: 

−
𝑑𝜙

𝑑𝑟
|𝑟=𝑅 =

𝑞

𝜀
𝑁𝑠     (1.3.6) 

 

This model puts in light that the unknown potential 𝜙(𝑟) is function of six parameters: 

• T that is usually known;  

• 𝑁𝑑  and , that are measurable properties of the material;  

• 𝑁𝑠 and 𝑅; 

• 𝑉𝑠 that, after the setting of 𝑁𝑑, 𝑁𝑠, 𝑅, is influenced by from the grains 
surrounding atmosphere. 
 

𝑉𝑠 behavior could be studied through an experimental procedure, called Arrhenius 

Plot , by measuring the material conductance. This procedure is made concurrently 

with a slow temperature variation, and, knowing the type of semiconducting material 

and the surrounding atmosphere composition, the potential 𝜙(𝑟) and the density of 

surface states 𝑁𝑠, as grain radius function, can be determined. 

Until now, only the dynamics between semiconductor grains has been taken into 

account. The next paragraph will connect the widely described grains physics with the 
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concept of metal-oxide nanostructured sensor, studying its conductivity, response 

and the sensing dynamics [4].  

1.4 From Grains to Sensors and Responses 

In the previous paragraphs, the physic foundations about semiconductor nanograins 

and the consequences of their bulk size decreasing have been introduced and 

detailed; in fact the sensors employed in this thesis study are based on this particular 

nanotechnology in form of thick film porous sensing materials [9]. A sensor is 

obtained by printing a viscous paste, made by a mixture of metal-oxide (MOX) 

semiconductor nano powder and some chemical additives, on a suitable insulating 

and stiff substrate, putting in contact two gold electrodes (the nano powder synthesis 

and sensor assembly will be further detailed throughout the next chapter; figure 

1.4.1). The substrate is even equipped with a heater able to optimize the sensor 

qualities, heating it at the proper working temperature [10]. 

 

 
 

 
 
 
 

Looking back to the physics of the system, conduction band electrons must exhibit 

enough energy to overcome the grain-grain potential barrier to generate current 

inside the sensing material. Across the next steps, thick-film MOX sensors sensing 

Figure 1.4.1: draft of a MOX nanostructured sensor. Green circles represent the nanograins 

contained in the sensing material; Top and bottom yellow shapes represent the sensing film 

gold electrodes and the heater ones respectively; grey enclosing shape represents the 

substrate. 
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mechanism and their working principle will be explained in details. MOX sensors are 

based on chemoresistivity, i.e. the property of varying resistance/conductance as a 

function of the chemical reactions with the surrounding gaseous compounds, 

happening on the material surface. The reversible chemical adsorption of the ionized 

gas molecules on the surface of the grains affects the height of the grain-grain 

potential barriers and, accordingly, the macroscopic thick-film resistance. Various 

environmental molecules and ions, such as O−, O2
−, O2−, can be adsorbed on the grain 

surfaces until their complete coverage. The adsorption rate depends on different 

variables such as sensor temperature, atmospheric composition, type of material and 

so on. 

Considering that MOX sensors working temperatures range between 300 and 500°C, 

𝑂2
− and 𝑂−  are the most abundant ions at low temperatures (below 300-350°C) and 

high temperatures respectively (above 350°C), because the high temperature favors 

the complete dissociation of molecular oxygen. 

The adsorbed oxygen ions generate some acceptor surface states (on the grain 

surface), attracting and capturing the bulk conduction band electrons, so emphasizing 

the double layer effect; for a n-type semiconductor (i.e. 𝑆𝑛𝑂2, 𝑊𝑂3, 𝑍𝑛𝑂), this 

configuration leads to an appreciable resistivity increase and a current-flow 

reduction. After enough time, the sensor surface coverage reaches the equilibrium 

state, where the coverage ratio (and accordingly also the sensor resistivity)  remains 

constant in time, so providing the background response in air (𝑅𝑎𝑖𝑟), properly called 

“baseline” (i.e., it is the reference response against which the sensor signal is then 

normalized). 

 

 

 

 

When a sensor is exposed to a gaseous environment, the grain surface oxygen 

coverage undergoes to relevant modifications, due to the interaction with the gas 

Figure 1.4.2: grain-grain potential barrier and surface oxygen adsorption. Yellow and orange 

circles, are conduction electrons and bulk region respectively, instead the red ring is the grain 

depletion region. Violet lines represent the grain-grain potential barriers.  
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ions and molecules surrounding it. For instance, considering the interaction with a 

reducing gas like CO, CO is highly oxidized by surface oxygen ions, freeing 𝐶𝑂2 

molecule in the atmosphere and leaving empty a surface state; according with this 

mechanism, the grain surface coverage ratio decreases, allowing the release of the 

electrons, previously captured by adsorbed oxygen ions, in conduction band and the 

consequent current increase. The same analysis can be done for oxidizing gases (such 

as 𝑁𝑂2, 𝑂3), that, instead, are reduced by the interaction with the semiconductor 

grain surface, leading to an oxygen coverage ratio and sensing film resistance 

increasing [11]. 

The choice to use thick-film sensors in this application is based on the high number of 

advantages that this devices exhibit with respect to the other available technologies. 

The main advantage is the wider gas diffusion within the sensing material layer (figure 

1.4.3a), leading to a significative sensitivity and detection limit improving (up to tens 

of ppb). 

On the other hand, the main downside of this approach is the complication in 

conduction mechanism, underlined by a not clear electronic path for the current flow 

inside the sensing material (red broken lines in figure 1.4.3a) that could abruptly 

change during the sensor usage period.  

 

 

 

 

The synthesis of metal-oxide nano-powder is crucial to maximize the reproducibility 

of the sensor performances: to prepare sensors sharing the same behavior, their 

sensing film must be composed by nanograins of about the same size. If this condition 

is not satisfied, the  sensor reproducibility is easily compromised and measures on the 

same sample can provide results dramatically different. It is worth noting that this 

Figure 1.4.3: (a) thick film sensor working principle; (b) grain-grain double potential barrier 

(blue line). 



17 
 

sensors, characterized by the sensing mechanism explained above, shows an high 

sensitivity to a wide range of chemicals, but at the same time, they exhibits poor 

selectivity in detecting single gases inside a mixture [12]. Different attempt were 

made to solve this problem and the main ones are:  

• concurrent use of sensors in array; 

• realization of mixtures of diverse metal oxides (e. g., mixing 𝑆𝑛𝑂2 𝑎𝑛𝑑 𝑇𝑖𝑂2 the 
𝑆𝑇 sensors were obtained)  

• addition of a small percentage of other elements to the metal-oxide mixture, 
such as noble metals (e.g., palladium, gold, silver, platinum, copper, etc.). 

 

In chapter 2 the sensor production process and assembly will be dealt with in detail, 

highlighting the occurring troubles and  possible solutions to produce reproducible 

and reliable MOX sensors. 

1.5 Sensor conductivity and response 

The conduction band electron density 𝑛(𝑥) , computed with in details in A.1,  is: 

𝑛(𝑥) = 𝑁𝑐𝑒
𝐸𝐹−𝐸𝑐

𝐾𝑏𝑇 = 𝑁𝑑𝑒
𝑞𝜙(𝑥)

𝐾𝑏𝑇      (1.5.1) 

 

where 𝑁𝑐 and 𝑁𝑑  are the effective state density in conduction band and the donor 

density in the depletion region, 𝐸𝐹 is the Fermi level, 𝐸𝐶  is the conduction band 

energy, 𝑞 is the electron charge, 𝜙(𝑥) is the potential as a function of x, 𝑘𝑏 is the 

Boltzmann constant and 𝑇 the temperature in Kelvin. 

Let’s introduce the quantity 𝑛𝑠𝑢𝑟𝑓, representing the amount of conduction band 

electrons having energy enough to reach the grain surface and cross the surface 

potential barrier 𝑉𝑠, as: 

𝑛𝑠𝑢𝑟𝑓 = 𝑁𝑑𝑒
−𝑞𝑉𝑠
𝐾𝑏𝑇      (1.5.2) 

 

If the system is not subjected to an external bias, 𝐸𝐹 is flat and no current flows, on 

the contrary, the current could flow if the system is placed in an external bias, where 

the Fermi level becomes a Quasi-Fermi level, and an electric field raises (1.5.3). 

𝐸 =
1

𝑞

𝜕𝐸𝐹𝑛

𝜕𝑥
     (1.5.3) 

 

where  𝐸𝐹𝑛 is the quasi-Fermi level energy. 

Since the current density and the conductivity are:  
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𝑱𝑛 = 𝑛µ𝑛

𝜕𝐸𝐹𝑛

𝜕𝑥
=  𝑛𝑠𝑢𝑟𝑓µ𝑛𝑞𝑬 = 𝑁𝑑𝑒

−𝑞𝑉𝑠
𝐾𝑏𝑇 µ𝑛𝑞𝑬 = 𝜎𝑬     (1.5.4a) 

 

𝜎 = 𝑁𝑑𝑒
−𝑞𝑉𝑠
𝐾𝑏𝑇 µ𝑛𝑞     (1.5.4𝑏) 

 

where: 𝑛 is the conduction band electron density, 𝜇𝑛 is the electron mobility and 𝜎 

the resulting conductivity of the material. 

Whether the conductivity is multiplied for the junction geometry (length and size of 

the contacts), the conductance G results as shown by (1.5.5): 

 

𝐺 = 𝐺0𝑒
−𝑞𝑉𝑠
𝐾𝑏𝑇      (1.5.5) 

 

The conductance 𝐺 (1.5.5) depends on the temperature and the potential barrier:  the 

higher is the absolute temperature, the larger is the conductance and, the smaller is 

𝑉𝑠,  the higher is the flowing current. 

The sensor Response 𝑅(𝑡) is an dimensionless quantity, represented  by the variation 

of 𝐺 in percentage and, it is expressed as: 

 

𝑅(𝑡) =
𝐺𝑔𝑎𝑠 − 𝐺𝑎𝑖𝑟

𝐺𝑎𝑖𝑟
=

𝐺𝑔𝑎𝑠

𝐺𝑎𝑖𝑟
− 1 ∝ 𝑒

−𝑞(𝑉𝑔𝑎𝑠−𝑉𝑎𝑖𝑟)

𝐾𝑏𝑇      (1.5.6) 

 

where 𝐺𝑔𝑎𝑠 and 𝐺𝑎𝑖𝑟 are the sensor conductance in gas and in air respectively. 

Qualitatively, the sensor response (figure 1.5.1) is proportional to the exponential of 

the difference between the surface potential barrier in gas presence and in air. 
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The choice to compute 𝑅(𝑡) through (1.5.6), is justified by the need to deal with 

dimensionless objects, not depending on 𝐺𝑎𝑖𝑟 and the physical quantity measured 

[13]. 

1.6 Thick Film Sensors Working Principle 

MOX sensors are devices very used nowadays thanks to their versatility and so their 

suitability in many application fields like environmental, agri-food, healthcare, 

automotive and so on. As told in the previous chapter, the sensor heating is a 

fundamental operation required to ionize the surrounding chemical compounds, so 

optimizing the sensor detecting performances. When a MOX sensor is placed in air, 

the surrounding oxygen ions or/and molecules are adsorbed on the surface of each 

inner and outer grain composing the porous sensing layer, acting as acceptor surface 

states. The adsorbed oxygen ,thanks to its electronegativity, steals electrons from the 

grain conduction band, trapping them at the surface and  so reducing the grain 

conductivity. This reversible chemical phenomenon, called “ionosorption”,  is the 

principal effect of the MOX sensing mechanism. When the surface reactions achieve 

the equilibrium state (adsorbate layer and coverage ratio do not change), the film 

conductivity remains constant, providing a ground  sensor signal called “baseline”. 

The aforesaid oxygen adsorption forces the enlarging of the grain “depleted shell”, 

accentuating the band bending and, as a consequence, the sensor resistance. The two 

main reactions involved in ionosorption process on the grain surface are: 

 

Figure 1.5.1: Typical sensor response 𝑅(𝑡). 𝐺𝑎𝑖𝑟 and 𝐺𝑔𝑎𝑠  are the sensor conductance in dry 

air (red straight line) and in gas presence (black straight line) respectively; the green curve is 

the sensor signal, consisting in the conductance variation as a function of time 𝑡.  
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𝑂2(𝑔𝑎𝑠) + 𝑒− ↔ 𝑂2
−(𝑎𝑑𝑠)    (1.6.1) 

𝑂2
−(𝑎𝑑𝑠) + 𝑒− ↔ 𝑂2

2−(𝑎𝑑𝑠) ↔ 2𝑂−(𝑎𝑑𝑠)    (1.6.2) 

 

Focusing on the case of a n-type semiconductor, characterized by grains large enough 

to contain a well-defined bulk region, the electrons able to take part to the electric 

current must have an energy at least equal to 𝑞𝑉𝑠 (the minimum energy required to 

reach the grain surface and to overcome the potential barrier). The number of 

electrons reaching the surface is given by (1.5.2). For instance, introducing a reducing 

gas, like CO, in the gaseous environment surrounding a sensor, it approaches the 

sensing porous film surface and reacts with the adsorbed oxygen ions and molecules. 

CO combines itself with the  surface adsorbed oxygen freeing 𝐶𝑂2 molecules in the 

environment and leaving free surface states (figure 1.6.1). The electrons, previously 

captured by surface-adsorbed oxygen, are released in conduction band, leading an 

increase in sensor conductivity and a decrease in band bending effect [4]. 
 

 

 

 

1.7 In-Out Diffusion 

At this point, it should be understood that the sensing mechanism of chemoresistive 

sensors is based  on the inter-grain potential variation due to the oxygen adsorption 

on the grain surface. This reflects a macroscopical sensor conductance variation as 

explained in details in the previous paragraphs. The idea is to write out the relation 

between the oxygen partial pressure of the surrounding atmosphere and the inter-

grain surface barrier. It is generally accepted that oxygen adsorption at the grain 

surface directly implies a parabolic band bending, due to a constant donor density 

Figure 1.6.1: Electron entrapping due to adsorbed oxygen ions (left square) and 𝐶𝑂2 and 

electron release due to oxygen – reducing gas (CO) interactions (right square). 
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throughout the depletion region. However, the distribution of the oxygen vacancies, 

behaving as donor impurities, is far from constant, so implying a sort of dependence 

between the amount of adsorbed oxygen (surface coverage ratio) and the ambient 

oxygen partial pressure. At a certain temperature (from 350K up to 500K) some 

effects involving oxygen ions occur among sensor bulk, sensor surface and the 

external environment. The lattice oxygen ions can migrate outside the semiconductor 

grain, coming back ionized in the atmosphere. The following relation expresses the 

reversible reaction afore explained: 

 

𝑉++ + 2ⅇ− + 𝑂ⅈ𝑛𝑡  ⇔  𝑂𝑙𝑎𝑡𝑡    (1.7.1) 

 

Where: 𝑉++ is a doubly ionized oxygen vacancy (i.e. a twice positive vacancy), 𝑂ⅈ𝑛𝑡 is 

an interstitial oxygen (i.e., an oxygen ion dispersed, but not bound to the lattice) and 

𝑂𝑙𝑎𝑡𝑡 is a lattice’s oxygen (i.e., an oxygen ion bound to the lattice). It is possible to 

rewrite the previous formula as: 

 

𝑂0  ⇔  𝑉++ + 2ⅇ− +
1

2
𝑂2    (1.7.2) 

 

where 𝑂0 is the lattice oxygen and the last term has been rewritten as 
1

2
𝑂2, 

considering the atmosphere molecular oxygen. 

Applying the Dalton mass action law at the thermodynamic equilibrium, the constant 

𝐾 is obtained as: 

 

𝐾 = [𝑉++] ⋅ 𝑛2 ⋅ 𝑝(𝑂2)
1

2⁄     (1.7.3) 

 

where, [𝑉++] is the doubly ionized oxygen vacancy concentration, 𝑛2 is the electron 

density in conduction band and 𝑝(𝑂2)
1

2⁄  is the oxygen partial pressure, strictly  

proportional to its concentration. 𝐾 is related to the energy involved in the reaction 

(1.7.2), that can be split  into two sub-relations: 

 

𝑂0 + 𝑆 ⇔  𝑉 + 𝑂𝑠
0    (1.7.4) 

 

where 𝑆 is a surface site, 𝑉 is an oxygen vacancy and 𝑂𝑠
0 is an oxygen ion, occupying  

a surface site 𝑆. The (1.7.4) expresses the situation in which an oxygen atom is taken 

out from a lattice site inside the crystal, and carried to the grain surface (Figure 1.7.1). 
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𝑂𝑠
0  ⇔  

1

2
𝑂2 + 𝑆    (1.7.5) 

 

The (1.7.5) takes into account the case in which the oxygen ion lying in a surface site 

𝑂𝑠
0, is desorbed in air as 

1

2
𝑂2 , freeing a surface site 𝑆 (Figure 1.7.1). 

 

 

  Figure 1.7.1: Sketch view of a crystal-environment interface. Green, red and yellow disks represent the environmental 

free oxygen molecules, oxygen ions lying in crystal surface sites and lattice’s oxygen respectively. Instead the blue and 

orange squares represent surface sites and oxygen vacancies.  

 

Applying the mass action law to (1.7.4) and (1.7.5), the following two relations are 

obtained: 

 

[𝑉] ⋅ [𝑂𝑠
0]

[𝑆]
∝ ⅇ(−𝐸𝑠𝑢𝑟 𝐾𝑇⁄ )    (1.7.6) 

 

𝑝(𝑂2)1∕2 ⋅ [𝑆]

[𝑂𝑠
0]

∝ ⅇ(−𝐸𝑎𝑑𝑠 𝐾𝑇⁄ )    (1.7.7) 

 

Where [𝑉] is the vacancy concentration, [𝑂𝑠
0] is the concentration of the surface sites 

occupied by an oxygen ion, [𝑆] is the surface state concentration, 𝑝(𝑂2)1∕2 is the 

oxygen partial pressure, 𝐸𝑠𝑢𝑟  and 𝐸𝑎𝑑𝑠 are the energies required to carry an oxygen 

ion from the lattice to the surface and from the surface to vapor phase respectively. 

Multiplying (1.7.6) and (1.7.7) and, explicating [𝑉], the vacancies concentration 

results to be: 

 

[𝑉] ∝ 𝑝(𝑂2)−1 2⁄ ⅇ−(𝐸𝑠𝑢𝑟+𝐸𝑎𝑑𝑠) 𝐾𝑇⁄     (1.7.8) 
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[𝑉] ∝ 𝑝(𝑂2)−1 2⁄ ⅇ−(𝐸𝑓𝑜𝑟) 𝐾𝑇⁄     (1.7.9) 

 

where 𝐸𝑓𝑜𝑟 = 𝐸𝑠𝑢𝑟 + 𝐸𝑎𝑑𝑠 is the total energy required to form an oxygen vacancy 

[14]. 

It is now useful to introduce the concept of enthalpy (𝐻). 𝐻 expresses how much 

internal energy the thermodynamic system is able to exchange with the external 

environment and it is calculated as the sum of the internal energy 𝑈 and, the product 

of system pressure and volume:  

 

𝐻 = 𝑈 + 𝑃𝑉    (1.7.10) 

 

 

Figure 1.7.2: Energy band diagram of a crystal. In the left diagram, where the bulk condition is satisfied (𝐸𝐷 < 𝐸𝐹 < 𝐸𝐶), 

the donor state is occupied; in the central one, where the surface condition is satisfied (𝐸𝐹 < 𝐸𝐷), the donor state is 

unoccupied and the energy 𝛿 is ceded back to the system. 

 

Physically, if 𝐸𝐹 is located between the donor energy level 𝐸𝐷 and the conduction 

band energy (𝐸𝐶), as it is in the bulk region, 𝐻 relative to the oxygen vacancy 

formation is constant. In this case, the donor is occupied (resulting electrically neutral) 

and the enthalpy variation 𝛥𝐻𝑑 is independent from 𝐸𝐹; while, if  𝐸𝐹 is between 𝐸𝐷 

and  the valence band energy (𝐸𝑉), 𝛥𝐻𝑑 relative to the oxygen vacancy formation 

decreases (it is easier to have vacancies; figure1.7.2, right). Therefore,  in this last 

case, neutral donors become positively charged unoccupied donors and the electrons 

released are included in a electron reserve (𝐸𝐹), leading to an energy gain 𝛿. 

A doubly ionized oxygen vacancy [𝑉++] occur when a occupied donor releases two 

electrons to the Fermi level, carrying a system energy gain. The positive energy 

received from the system is: 

 

𝐸𝑑1
− 𝐸𝐹 + 𝐸𝑑2

− 𝐸𝐹     (1.7.11) 
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where 𝐸𝑑1
 and 𝐸𝑑2

 are the energies of the donor levels. 

The total energy required to have a vacancy formation is :  

 

𝐸0 = 𝐸𝑓𝑜𝑟 + 2𝐸𝑐 − 𝐸𝑑1
− 𝐸𝑑2

    (1.7.12) 

 

and combining (1.7.12) with (1.7.9) the final relation for [𝑉++] is: 

 

[𝑉++] ∝ 𝑝(𝑂2)−1
2⁄ ⅇ−[𝐸0−2(𝐸𝐶−𝐸𝐹)] 𝐾𝑇⁄     (1.7.13) 

 

The last relation shows the oxygen vacancy density increasing while 𝐸𝐹 goes down 

and down in band gap, fixing the 𝑂2 partial pressure (Figure 1.7.3). The final result 

states the impossibility to have a uniform doping level along the whole space charge 

region, underlying in DA.  
 

 

Figure 1.7.3: Energy band diagram of a crystal. Green and orange area are the bulk and the surface regions 

respectively.  

 

𝑁𝑑, the bulk donor density, is proportional to the oxygen partial pressure as: 

 

𝑁𝑑 ∝ 𝑝(𝑂2)−1
2⁄ ⅇ−[𝐸0−2(𝐸𝑐𝑏−𝐸𝐹)] 𝐾𝑇⁄     (1.7.14) 

 

where 𝐸𝑐𝑏 is the bulk conduction band energy.  

Combining (1.7.13) and (1.7.14) the proportionality between the double ionized 

vacancies concentration ([𝑉++]) and 𝑁𝑑  is: 

 

[𝑉++] = 𝑁𝑑ⅇ2(𝐸𝑐(𝑥)−𝐸𝑐𝑏)∕𝐾𝑇     (1.7.15) 
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where 𝐸𝑐(𝑥) and 𝐸𝑐(𝑥) − 𝐸𝑐𝑏 are the generic conduction band energy and the 

potential barrier amplitude at the distance 𝑥 (Figure 1.7.3). 

 

[𝑉++] = 𝑁𝑑ⅇ2𝑒𝑉(𝑥)∕𝐾𝑇     (1.7.16) 

 

At this point it is worth to note that the oxygen vacancy concentration at the 

equilibrium, strongly depends on the band bending effect. 

Solving the Poisson equation exploiting (1.7.16) as charge density: 

 

ⅆ2𝑉(𝑥)

ⅆ𝑥2
=

2ⅇ

𝜀
𝑁𝑑ⅇ

2ⅇ𝑉(𝑥)
𝐾𝑇     (1.7.17) 

 

the potential in the depletion region as a function of 𝑥 is: 

 

𝑉(𝑥) =
𝑘𝑇

2ⅇ
𝑙𝑛 [1 + 𝑡𝑎𝑛2 (

𝑥

√2𝐿𝐷

)]    (1.7.18) 

 

where 𝐿𝐷 = (𝜀𝑘𝑇 ∕ 4ⅇ2𝑁𝑑)1∕2 is the Debye Length (a parameter that represent the 

potential extinction length).  

Figure 1.7.4 represents the plot of the potential 𝑉(𝑥′) as a function of 𝑥′ = √
𝑥

2
𝐿𝐷, 

and it is noticeable its non-parabolic behavior in this region, highlighting its 

abruptness in the region close to the surface [14]. 
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Figure 1.7.4: Plot of the potential in the region very close to the grain surface. 

 

Imposing the charge neutrality condition, for which the negative surface charge must 

be equal to the positive charge lying in the depletion region, the depletion region 

width can be computed and it results: 

 

𝑥0 = √2𝐿𝐷 𝑎𝑟𝑐𝑡𝑎𝑛 (
𝑁𝑠

2√2𝑁𝑑𝐿𝐷

)    (1.7.19) 

 

Where  𝑁𝑠 is the density of electrons trapped on the surface. 

Combining (1.7.18) and (1.7.19), the surface potential 𝑉𝑠 results to be [14]: 

 

𝑉𝑠 =
𝑘𝑇

2ⅇ
𝑙𝑛 [1 +

𝑁𝑠
2

8𝑁𝑑
2𝐿𝐷

2 ]    (1.7.20) 
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2 Metal-oxide (MOX) sensors (Overview) 

In this work, nanostructured chemoresistive MOX sensors have been employed to 
detect colorectal cancer (CRC) VOCs exhaled by different biological samples, such as 
feces, tumoral tissues, cell cultures and blood samples. 
MOX sensors are widely used in diverse research fields, such as biology, agri-food, 
environmental applications and so on, thanks to their appreciable versatility, 
durability, reliability and sensitivity. In this chapter, the MOX sensor production and 
assembly processes will be illustrated in details, all entirely conducted in the clean 
room and Laboratorio Sensori (LS) of the University of Ferrara. 

2.1 MOX gas sensor: a brief description 

MOX sensors are powerful sensing devices based on semiconducting metal-oxide 
nanoparticles, which obey to the semiconductor grain physics (already detailed in the 
chapter 1). They are capable of detecting with high sensitivity a wide range of 
chemicals in concentrations up to tenth parts per billion, conserving a very low 
response and recovery times.  
Their working principle consists in the conductance variation of the sensing material, 
induced by the reversible chemical adsorption of ionized gas particles on the sensor 
surface.  
This kind of sensors are made up of three main components: a substrate, an active 
(sensing) layer, and a heater. 
 

• The substrate covers two main roles: it is a rigid mechanical support for the 
sensor and, at the same time, it is an insulating layer (made of sintered alumina 
𝐴𝑙2𝑂3 in our sensors). It hosts on the top the printed interdigitated gold 
contacts and, the heater on the bottom (a typical sensor is sketched in Figure 
2.1.1).  

• The sensing layer is made of semiconducting metal-oxide nanoparticles 
(average size about 50-200 nm), chemically transformed in a viscous paste, 
then distributed on the substrate between the two interdigitated gold contacts. 
The paste is spread by means of serigraphic technique with a screen printer 
machine (here a Aurel 920).  

• The heater is a conducting metal coil (here made of platinum), whose 
temperature is precisely set by controlling its current flowing. 

 
The substrate does not actively participate in the sensing mechanism, but a certain 
compatibility between the sensing layer and the substrate surface is required in order 
to avoid mechanical problems like tensions due to thermal expansions and so on.  
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Figure 2.1.1: 3D representation of the components composing a MOX thick film sensor. 

 
 

The heater is strictly necessary to heat the sensor at its proper working temperature, 
at which it exhibits the best working features in terms of sensitivity, detection limit, 
rapidity in response and recovery time. 
To set the correct working temperature, it is necessary to know its resistance at room 
temperature 𝑅𝑅𝑜𝑜𝑚 and the corresponding room temperature 𝑇𝑅𝑜𝑜𝑚. This two 
parameters are carried out by using a multimeter and a very precise environmental 
thermometer. The zero degree resistance 𝑅0 is calculated inverting the (2.1.1) and  
imposing 𝑅 = 𝑅𝑅𝑜𝑜𝑚 and 𝑇 = 𝑇𝑅𝑜𝑜𝑚. 
  

𝑅 = 𝑅0(1 + 𝛼𝑇 + 𝛽𝑇2)     (2.1.1) 
 
where 𝑅 and 𝑅0 are the resistances at the temperatures 𝑇 and 𝑇 = 0 °𝐶 respectively, 
𝛼 and 𝛽 are constants depending on material. 
Finally, knowing 𝛼,𝛽 and 𝑅0 and, monitoring the heater resistance through the (2.1.2), 
it is straightforward to calculate the current heater temperature by using (2.1.1) once 
again (figure 2.1.2) [15]. 
 

𝑅(𝑡) =
𝑉(𝑡)

𝑖(𝑡)
     (2.1.2) 
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Figure 2.1.2: Sensor heater. A schematic view. 

 

2.2 Production Process 

Thick-film sensor production is based on the serigraphic technique, widely used to 

print graphic art subjects on a certain substrate. In serigraphy, a viscous ink is placed 

and spread on a flat and  slick substrate by means of a stencil and a blade, to print the 

desired geometry with high precision and appreciable quickness. Thick-film MOX 

sensors used in this work are prepared exploiting this technique, necessary to spread 

the sensing material, in form of viscous paste, on the alumina substrate, to put in 

contact the two interdigitated gold electrodes.  

The Sensors obtained through the serigraphic technique have many advantages and 

the main ones are listed below:  

• good sensitivity, also at low gas concentrations; 

• low production costs; 

• low detection limit (up to tens ppb); 

• good repeatability of results; 

• low energy consumption; 

• good portability (thanks to their small dimensions); 

• excellent signal/noise ratio; 

• simple using mechanism; 

• high versatility; 

The production process can be schematized in the following steps (explained one by 

one in the next paragraphs):  
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• the semiconducting nanostructured powder is transformed in a viscous paste, 

adding some chemical vehicles;  

• the viscous paste is printed on the sensor substrate through serigraphic 

technique and, it is dried and fired inside an oven; 

• finally, the sensor is assembled and tested to assess its correct functioning; 

 

 

Figure 2.2.1: Scheme of the sensor production, assembly and test. 

 

2.3 Sol-Gel Technique  

First of all, the chemoresistive gas sensors require a wide sensing material surface-

volume ratio to optimize their performances, maximizing the interaction with the 

surrounding gas. Hence, the thick sensing layer is composed by metal-oxide 

nanometric spherical grains, achieved through a chemistry process known as Sol-Gel 

technique. It is capable of synthetizing interconnected nano-grains, characterized by 

a radius ranging between 50 and 200 nm, with extreme precision. The achievement 

of nano-grains with almost the same size is crucial not to fall in the case of depletion 

approximation failure (Paragraph 1.3), and hence to realize reproducible sensing 

films. Sol-Gel technique is one of the most used and reliable methods to synthesize a 

great variety of inorganic networks (mainly ceramic and glassy materials), starting 

from a certain precursor (like silicon or other metal alkoxides). Thanks to its versatility 

and easiness in process controlling, it has been chosen to produce metal-oxide nano-

powder composing our sensing materials. Furthermore, this approach is a cheap and 

low-temperature technique suitable to obtain inorganic oxide based materials, 

allowing a fine control of the product's chemical composition and properties of 

oxides, such as stiffness, resistance, porosity, electrical and thermal stability [16]. 
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Sol-gel process is briefly explained through the four steps listed below (Figure 2.3.1): 

1) hydrolysis of the organic precursor solution (reagents dissolved in water or 
alcoholic solutions); 

2) formation of a colloidal and viscous suspension (sol); 
3) transformation of the colloidal suspension in a gel through condensation; 
4) removal of the remaining solvent through a thermal treatment (final oxide 

powder). 

Using this technique, it is possible to obtain different gel types starting from the same 

precursor solution, simply controlling and changing the process parameters during 

the synthesis process (like reaction temperature, pH of the solution). The result 

consists in a powder containing a network of pure metal-oxide spherical 

nanoparticles, suitable to be transformed in a viscose paste for deposition [10]. To 

print the latter, in the case of this study, a screen-printing machine has been 

employed and the complete printing process is explained in the next Paragraph. 

 

Figure 2.3.1: Illustration of the steps composing the Sol-Gel process. 

 

2.4 Serigraphic Process 

The interconnected and homogeneous nano-powder, carried out by exploiting the 

Sol-Gel technique, is added with some organic vehicles and glass frit, then 
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transformed in a viscous and porous paste. The latter is spread by means of a screen-

printing machine on a substrate where a geometry defining mask was previously 

applied and fixed. At the end of the procedure, the mask is carefully removed, leaving 

a precise and clean paste deposition.  

The main advantages of serigraphic technique are: 

• possibility to obtain prints with very low deposition width (the minimum 

obtainable film width is of the order of 20 µm); 

• many kind of material can be printed; 

• miniaturization of devices; 

• reliable mass production; 

• possibility of realizing a great number of prints at the same time, also based on 

different materials. 

 

2.5 Sensor Production Process: Substrate Production 

The sensor substrate, has the double task of  mechanical stiff support and insulator 

layer between the top placed sensing film, the circuit elements and the bottom placed 

heater. The substrate of the sensors produced and tested in LS is made of alumina 

(𝐴𝑙2𝑂3), which is characterized by low cost, high thermal and corrosion resistance and 

good insulating properties. Alumina powder is obtained starting from Bauxite and, in 

form of paste, it undergoes to pressure treatments, where the pressure choice 

depends on the desired substrate thickness (in this case of about 1mm). After the 

shaping, the substrate undergoes thermal treatment (firing) for 12-24 hours. It 

includes two consequent thermal steps: pre-treatment at 300 – 600 °C to remove 

organic additives and sintering at 1500-1700 °C, that encourages the adhesion 

between powder particles, attributing stiffness to the crystalline structure. During 

firing process, the phenomena of densification and grain growth occur, reducing the 

material porosity and increasing the grain average size respectively. Moreover, the 

heater and the interdigitated gold contacts are placed on the bottom and on the top 

of the sensor substrate, respectively. The substrate does not affect the sensing 

mechanism, nevertheless its atomic structure must be strictly compatible with the 

sensing film one, in order to avoid tensions mainly generated by the thermal 

expansions of the material. A careful substrate surface preparation is required to have 

an optimal sensing film adhesion [10]. 
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2.6 Sensor Production Process: Metal-Oxide Paste Deposition 

Metal-oxide viscous spreadable paste is obtained adding a glass frit small amount and 

organic vehicles to the metal-oxide nano-powder. In particular:  

• glass frit is a powder obtained by a mixture of glassy oxides based on silica 

(𝑆𝑖𝑂2) charged with alkaline-earth oxides or with oxides of the IV group, 

necessary to favor the paste anchoring to the substrate; 

• organic vehicles are a mixture of organic solvents, resins and surfactants, that 

optimize the dispersion of the solid particles inside the medium.   

Metal-oxide paste spreading is performed by using a screen-printing machine (Aurel 

C920). A mask defining a certain geometry is applied upon the substrate before the 

deposition, avoiding to spread paste in unwanted zones. Moreover, the paste 

spreading occurs homogeneously upon the substrate by means of a spreading blade 

(Figure 2.6.1). A second blade moves in the opposite direction with respect the 

spreading one, reporting the paste excess at the initial position, ready to start a new 

print [10]. 

 

Figure 2.6.1: Sketched screen-printing working principle. Blue and yellow rectangles are the metallic working 

plan and the socket to fix the substrates, green rectangle represents the masked substrate, ready to be 

printed with the semiconductor paste, spread by means of the squeegee (red pipe). 

2.7 Sensor Production Process: Drying and Firing 

After the deposition of the metal-oxide paste upon the sensor substrate, it is 

subjected to two thermal treatments: Drying and Firing. 

• Drying is a low-temperature treatment (around 100-150°C), necessary to 

remove the residual volatile organic solvents and to avoid the immediate 
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draining of the printed wet paste on the substrate. The drying takes place in a 

common oven. 

• Firing is a high-temperature process, up to 850°C, occurring in an common 

oven. It aims to the last organic additives removal and leaves the final stiff 

sensing film tightly anchored on the substrate (only a negligible percentage of 

glass frit could remain). 

The temperature is rigorously controlled to avoid possible work compromising 

defects and a following sensor malfunctioning [10]. 

2.8 Sensor Production Process: Assembly and Test 

The final steps concerning the sensor production, after the sensing film deposition, 

drying and firing treatments, are the sensor assembly and test. The sensor assembly 

process consists in its connection to a four pin TO-39 socket: two pins are welded to 

the heater contacts and the other two pins to the sensing film ones. The connections 

are made by using a very thin golden wire (purity at 99.99%, diameter about 0.06mm) 

and the welding process (properly named sensor bonding) takes place by using a 

bonding machine that uses the thermo-compression effect  to weld metals (Figure 

2.8.1). Once the sensor is completely assembled, it is tested in laboratory to assess its 

correct working, by heating and feeding it at various temperatures and voltages [10].   

 

 

Figure 2.8.1: Bonding Machine. 
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3 SCENT B1 device 

 

 

Figure 3.1: SCENT B1 device. 

SCENT B1 (figure 3.1) is an enclosed device, hosting an array of four concurrently 
working nanostructured chemoresistive thick-film sensors, based on different 
semiconductor materials. It includes two principal independent parts: a pneumatic 
and an electronic system. Although the feces analysis and some reproducibility tests, 
included and discussed in Chapter 4, were carried out by means of an other prototype, 
named SCENT A. Here only SCENT B1 is described, considering the complete affinity 
between them. SCENT A1 and B1 devices are identical, but the first hosts a sensor 
more with respect to the second. The electronics, pneumatics and software systems 
are a full-fledged twins.     

3.1 Pneumatic System 

The pneumatic system (figure 3.1.1) aspirates air from the external environment by 
means of a electronic pump and blows it in 4 mm Teflon tubes, through a carbon filter 
(to stabilize as much as possible the air humidity and temperature) and a 0.2-micron 
filter (to remove pollutants like particulate matter or aerosols larger than 0.2 micron), 
keeping constant the air temperature and pressure (𝑇~23°𝐶, 𝐻~20% ). 
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Figure 3.1.1: Block scheme of SCENT B1 Pneumatic system in the case of blood measure. 

The resulting clean and dry air flux can be guided directly to the sensors (whose 
response in this condition is the “baseline”; Baseline Way), or into the sample 
chamber, where it fetches the sample headspace chemical compounds, before 
reaching the sensors (Gas Exposition Way) by means of a manual three-way valve. 
The air flux is regulated through a couple of fluxmeters (one for each flow-way), both 
set at 0.2 cc per minute.   

3.2 Electronic System 

The electronic system consists in five printed circuit boards (PCBs). The first PCB 
contains the SCENT B1 device power supply (mainly air pump and sensor boards 
supply) and the microcontroller (the CPU unit), suitable to execute calculations on the 
sampled values and to interface the device with the management software by means 
of a serial protocol. The other four PCBs, one for each sensor, contain the electronics 
to manage the sensor heating, film supply and signal acquisition.  
The sensor heater, physically described and detailed in paragraph 2.1, is fed by a 8- 
bit DAC adjustable voltage source, able to provide a power up to 2W.  The current 
flowing inside the heater and the related voltage to which it is subjected are revealed 
by means of a precision voltage/current sensor.  
Furthermore, the electronic system allows to convert the resistance change of each 
sensor sensing film, when subjected to gas exposition, in a voltage variation by means 
of an inverting operational amplifier (figure 3.2.1);  
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Figure 3.2.1: Inverting operational amplifier. It returns a voltage proportional to the ratio between the 
feedback and the sensor resistances as shown in the relation above.  

The analogic output voltage is converted in a digital signal by using a 12-bit analog to 
digital converter (ADC) and plotted vs time (figure 3.2.2) through a management 
software developed ad hoc by SCENT research team. The acquired sensor signals are 
finally transformed in a response 𝑅(𝑡) vs time plot (figure 3.2.3) exploiting the 
formula (3.2.1). 
 

𝑅(𝑡) =
𝑉𝐺𝑎𝑠 − 𝑉𝐴𝑖𝑟

𝑉𝐴𝑖𝑟
     (3.2.1) 

 
𝑉𝐺𝑎𝑠 and 𝑉𝐴𝑖𝑟  are the sensor signals in gas presence and in air (baseline) respectively.  
𝑅(𝑡) represents a dimensionless result, independent by the measured physical 
quantity and the baseline amplitude (in general different for each sensor). 
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Figure 3.2.2: Acquired concurrently sensor signals (mV). 

 

Figure 3.2.3: Sensor responses. 

The data acquisition system returns one voltage value per sensor every 10 seconds. 

They are computed as the average value of the last 2 seconds sampling (about 10Hz).  

The values returned are plotted together and in real time by the SCENT B1 
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management software and stored in a .txt file in the connected external computer, to 

be further analyzed through other advanced data analysis techniques as principal 

components analysis (PCA) [17], support vector machine (SVM) [18], Receiver 

Operating Characteristic (ROC) [19], etc. 
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4 Results and Discussion  

The results obtained in this work are not only concerning sensors and their 

applications, but they belongs to different topics summarized as follows:  

1. analysis of biological samples (feces, tumoral tissues, cell cultures and blood) 

to detect CRC VOCs as  tumor markers; 

2. sensor repeatability tests and humidity effects in their responses;  

3. design and construction of a new device for metal-oxide nanostructured 

sensors (electronics, enclosure and software). 

The first point consists in the use of MOX nanostructured chemoresistive sensors 

(whose physics has been detailed in chap. 1 and 2) in  CRC VOCs detection. The 

samples investigated with this aim and the related results are: 

• feces, were investigated by using a patented device SCENT A1 (patent number) 

containing five MOX sensors working concurrently. This branch of research led  

to the publication of the article:  “Chemoresistive sensors for colorectal cancer 

preventive screening through fecal odor: Double-blind approach”, published 

in Sensors and Actuators Journal, 2019 [13]; 

• tumoral tissues, were investigated by using the patented device SCENT B1 

(Italian patent number: 102015000057717) containing four different MOX 

sensors working in parallel. This work led to the article: “Colorectal Cancer 

Study with Nanostructured Sensors: Tumor Marker Screening of Patient 

Biopsies”, published in Nanomaterials Journal, 2020 [20]; 

• cell cultures and blood, were investigated by using SCENT B1 device, and this 

branch of research led to the publication of two articles: “Nanostructured 

Chemoresistive Sensors for Oncological Screening and Tumor Markers 

Tracking: Single Sensor Approach Applications on Human Blood and Cell 

Samples” [21] and “Tin, titanium, tantalum, vanadium and niobium oxide 

based sensors to detect colorectal cancer exhalations in blood samples” [22], 

published in Sensors and Molecules Journals, respectively;  

In addition, second point of the list, other two works were published: 

• Humidity interference on 𝑺𝒏𝑶𝟐 and 𝑺𝑻𝑵𝑶𝟐 sensor responses, where the 

sensors were calibrated and used to detect 𝐶𝑂 gas in presence of various 

degrees of humidity. This study led us to the article: “Humidity effects on SnO2 

and (SnTiNb)O2 sensors response to CO and two -dimensional calibration 

treatment”, published in Materials Science & Engineering B Journal, 2020 [23]; 
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• Zinc-Oxide Based Chemoresistive MOX Sensors were tested and characterized 

in LS of the Department of Physics and Earth Science (UNIFE), applying them to 

the detection of the most popular laboratory target gases as 𝐶𝑂, 𝑁𝑂, 𝐶𝐻4 and 

butanol to state zinc-oxide sensors reproducibility, fundamental for the 

medical device serial production. This work led to the publication of the article: 

“Reproducibility tests with zinc oxide thick-film sensors”, published in 

Ceramics Journal, 2019 [24]. 

As a consequence of the published papers on blood VOCs investigation “Tin, 

titanium, tantalum, vanadium and niobium oxide based sensors to detect 

colorectal cancer exhalations in blood samples”, a further study has been started 

at the end of 2020, concerning a follow-up protocol requiring the examination of 

four blood samples from each oncological patient: the first is collected the same 

day or, at most, the day before the surgery treatment, the second, the third and 

the fourth ones after one week, one month and four months from the surgery, 

respectively. The aim of this study consists in monitoring the patient post-surgery 

hospitalization, detecting possible relapses and/or troubles during the healing 

process, through a systematic and periodical blood analysis. Till now, this follow-

up protocol has been applied to twenty consentient patients and the first future 

target is to duplicate the acquired data in the next two/three months. 

The third list point concerns the design, construction and assembly of a low-noise 

sensor device, improving the electronics, the pneumatics and the software, necessary 

to manage it and for data acquisition, storage and elaboration. It originates from the 

need to optimize the sensor signal quality,  increasing the signal-to-noise ratio and 

refining the acquisition system. The details about this project are introduced and 

explained in section 4.2. 
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4.1 Feces Application 
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4.2 Tumoral Tissue Application 
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4.3 Blood Application 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



59 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



60 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



61 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



62 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



63 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



64 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



65 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



66 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



67 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



68 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



69 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



70 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



71 
 

4.4 Blood and Cell Cultures Applications 
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4.5 Humidity tests on Tin and Tin-Titanium and Niobium Oxide based 
sensors 
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4.6 Reproducibility Tests With Zinc-Oxide based sensors 
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5 Development of a novel SCENT device  

The idea to develop a completely new sensing device, derives from the need of SCENT 

S.r.l. company to overcome the weaknesses of the original SCENT B1 prototype, such 

as the poor computing power, serial communication protocol instability, recurrent 

electric shocks etc. This project requires a complete re-design of all the device 

components, such as electronics, pneumatics, software and enclosure, aiming to 

produce a completely reproducible and scalable definitive product, suitable for the 

market entry. At first, the implementation of a new electronic system based on the 

last generation electronic components (e.g., MOSFETs, LDO voltage regulators, 

integrated circuits (IC), low noise operational amplifier, etc.) is crucial to optimize the 

device dynamics and precision (i.e., reducing the power supply ripple, increasing the 

signal-to-noise ratio, stabilizing the sensor signal and reducing the device heating). 

The electronics is completely managed through an ad-hoc software written in Python 

programming language that, besides managing the electronical components through 

an i2c serial interface, includes also other useful functions and services to simplify the 

research work and the experiment data reportage and collection. This improved 

device has been conceived to completely replace the first SCENT B1 prototype in the 

biomedical research applications, with design and assembly procedure satisfying all 

the mandatory constraints to obtain the IDV medical device certification (CE), 

following the new European law 2017/746.  

The new electronics is based on a Raspberry Pi4 developing board, used as 

computational and i2c serial communication unit. Raspberry Pi4 manages five 

electronic boards (a power supply board and four sensor control ones): 

• the power supply board provides the required voltage outputs to each sensor 

board to feed the sensor sensing film, the active electronic components and 

the heater. It includes also a I2C MUX, suitable to split the unique Raspberry 

serial I2C interface in 8 different ones, so providing an own I2C interface to 

every sensor board, simplifying their software management and programming; 

• the sensor board includes the heater and sensing film feeding electronic 

circuits. It is equipped also with an analog-to-digital converter (ADC) to acquire 

the output electric signals. 

The management software is installed on the Raspberry Pi4 control board and it is 

executed at its boot. This software is made by three main parts: 

• the electronics management system, indispensable to control the electronics 

and to acquire data; 
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• the real time data representation, storage and plotting; 

• the record of sensor features and job setups in a constantly updated history 

sensor list. 

In the next sub-paragraphs, the enclosure, electronics and software designs will be 

explained separately in details.  

5.1 Device Enclosure 

The device has been realized starting from the enclosure re-designing, making it 

suitable to contain two sensor channels to perform two analysis at the same time. It 

has been drawn as 3d model, by means of the Autodesk Fusion 360 software, 

optimizing the project for a metallic realization (probably in alloy). It shows generous 

dimensions, about 500 x 350 x 300 mm and the structure width is about 3 mm. The 

choice concerning the employment of metallic material derives from the need to 

produce a case capable of shielding the device electronic boards from possible 

environmental electromagnetic interferences, avoiding some device anomalies and 

malfunctioning. The frontal part hosts four slots to accommodate four fluxmeters 

(two for each analysis channel), a wide cooling air inlet and a  wide slot to 

accommodate a 7-inch screen (figure 5.1.1a). Other cooling air inlets are placed on 

both the lateral sides. The top cover, hermetically closing the device, will be made in 

transparent plexiglass screwed to the guides included on top (figure 5.1.1b). 

 

Figure 5.1.1: a) Frontal view of the case; b) Frontal/lateral view of the case. 
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Figure 5.1.2: a) Top view of the case; b) Lateral/rear view of the case. 

On the back side, a fan and a supply plug/on-button slots are applied. The next step 

consists in the optimization of the internal spaces on the basis of the encumbrance 

and the shape of the contained hardware (electronic boards, pneumatic system, 

power supply unit, Raspberry Pi4 control unit, etc.). 

5.2 Device Electronics 

The electronics has been completely re-designed on the basis of the newer and 

optimized electronic components existing on the market. The device is fed by a classic 

switching power supply, finely filtrated and stabilized through the power supply board 

(figure 5.2.1). It has to provide enough power to simultaneously feed the Raspberry 

Pi4 unit, two air pumps, a cooling fan, two 3-way electro valve and four sensor boards. 

Moreover, it includes also a I2C multiplexer (MUX), capable of splitting the unique 

Raspberry Pi4 I2C channel in 8 different ones, providing an own I2C channel to each 

sensor board, so simplifying its software programming and managing. The supply 

board feeds all the sensor boards and the Raspberry Pi4 as needed, with the 

possibility to swich off only the latter, leaving the electronics running. This step is 

strictly indispensable to ensure the sensor constant heating and stabilization of the 

resulting response in air conditioning, i.e., the baseline (see chapter 1). The four 

sensor boards, two per sensor channel, are connected to the supply board mainly 

through four wires: 12V supply (red wire), ground contact (GND; black wire), I2C SDA 

(data; orange wire) and I2C SCL (clock; yellow wire) as shown in figure 5.2.1. A sensor 

board includes, in turn, the sensor heating and the sensor feeding and signal 

acquisition circuits, as sketched in a block diagram in figure 5.2.2. 
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Figure 5.2.1: Block sketch of the electronic system inside the new SCENT device. It is structured into two 

sensor channels (two independent sub-devices) to perform two analysis concurrently. Each sensor channel 

shares the power supply and the Raspberry Pi4 with the other, but it has its own air pump, electro valve and 

two sensor boards.  

The sensor heating circuit is based on a DAC (digital-to-analog converter; here a 

MCP4725 device has been employed) controlled LDO IC device (here a LT3083, 

produced by Linear Technology, has been employed). The LDO is suitable to provide 

an adjusted high power signal to a resistive load (here the sensor heater) controlled 

by a low power one (here provided by the DAC device). For a better understanding, 

the chain of events is the following: the Raspberry Pi4 unit controls the DAC output 

voltage, capable of providing a low power voltage signal ranging from 0 to 5 volts; the 

DAC output, amplified x 2, controls the LDO voltage output (see LDO LT3083 

datasheet), so providing a high power voltage signal of the same amplitude as DAC 

one (figure 5.2.3).    
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Figure 5.2.2: Block scheme sketch of a sensor supply board. It is divided into two parts: a sensor signal circuit, 

concerning the sensor sensing film feeding and the resulting signal acquisition; a sensor heating circuit, 

consisting in the heater feeding and a complementary unit to control the power directed to it, so ensuring 

its right tuning. 

 

 
Figure 5.2.3: Block diagram of the sensor heater feeding. 
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The sensing film is supplied with a 5V accurately filtered low-noise signal (figure 

5.2.4a). To transduce the sensor conductance variations, due to sensing mechanism 

detailed in Chapter 1 and 2, an operational amplifier in inverting configuration is 

employed (here an AD823N, produced by Analog Devices). Besides to amplify and 

further filter the sensor signal (low-pass active filter configuration), its output signal 

appears to be directly proportional to three parameters: the sensor conductance, the 

feedback resistance and the input voltage (as asserted by the figure 5.2.4a formula). 

This configuration results crucial to obtain a very clean and stable signal, where the 

values of 𝑅𝑓𝑒𝑒𝑑  and  𝐶𝑓𝑒𝑒𝑑, representing the low-pass filtering RC circuit, must be 

carefully defined, considering the sampling frequency and the sensing film resistance.     

The sensor signal acquisition is based on the use of a precision analog-to-digital 

converter (ADC) IC module (here an ADS1115, produced by Texas Instruments). It 

converts a voltage signal ranging from 0 to 5 V with 65000 digital steps, ensuring an 

acquisition resolution of about 76 𝜇𝑉 (figure 5.2.4b). 
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Figure 5.2.4: Block diagram of: a) sensor sensing film feeding and, b) 16-bit data acquisition system. 

 

A single sensor channel electronics has been realized as a test, welding by hand the 

boards and making the electronic components interchangeable to define their best 

arrangement (figure 5.2.5), to produce the definitive printed circuit board (PCB). 

 

Figure 5.2.5: Single sensor channel by hand welded test electronics. 

After two months of test, it demonstrated a good stability, a very low noise and a high 

signal-to-noise ratio. Figure 5.2.6. shows an example of sensor stabilization signal in 

air and at room temperature, carried out with a 𝑍𝑛𝑂, i.e., Zinc-Oxide, and a 𝑇𝑖𝑇𝑎𝑉, 

i.e., Tin, Titanium and Vanadium Oxide, sensors. As evidenced, the  electronic ripple 

is almost completely absent and the sensor signals appear straight and stabilized, 

despite the high amplification applied. The PCB production, on the basis of the test 

electronics, will be the next step forward in developing a reproducible new device.    
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Figure 5.2.6: Single sensor channel hand made prototype stabilization signals.  

5.3 Management Software 

Simultaneously with the electronics development, a new management software has 

been designed and it is currently under construction. Till now, a basic beta software 

has been written and tested on the aforementioned test electronics, useful as a basis 

for the definitive one preparation. It will include different functions and services that, 

except the electronics management, were missing in the currently used SCENT B1 

software. The additional functions consist in an advanced electronics management 

interface, a data storage (in different formats) and their real time graphing and, the 

creation of a database of the physical and working features of all the sensors 

employed in the device history.  

• Advanced electronics management interface. It consists in the I2C serial 

interface protocol exploitation to control and interfere with the electronics 

with high safety and rapidity levels. The Python programming language has 

been chosen for these aims, considering its advantages in finding libraries and 

in the application of code to real cases. Through this language, a user-friendly 

graphical user interface has been programmed, already containing the sensor 

information storage and management code(figure 5.3.1). 
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Figure 5.3.1: SCENT new prototype graphical user interface. SCENT_AR_ACQUISITION SYSTEM window 

provides the under-construction interface with the electronics (currently partially working). It permits to 

activate the required sensor boards and to send the desired sensor settings to the device. The Sensor 

management window (top-right corner) allows to create a sensor database to record and store all the 

employed sensors settings and features. 

• Real time data plotting and storage. It foresees a software section, dedicated 

to the ADC data acquisition, storage and real time plotting. 

Sensor analog signals are converted into digital ones by means of the 16-bit 

ADC (previously mentioned) and they are read by Raspberry Pi4 through the 

I2C serial communication protocol. The acquired data are stored in both a txt 

file (easily readable by researchers) and in binary format. Then they are plotted 

in real time on a dedicated plotting window, including some curve handling 

functions, such as local zoom, graph scale changer, undo and redo, clean graph, 

etc. 

The intent is to equip the software also with a preliminary data analysis section, 

where it will be possible to perform some changes and processes on data to 

assess their quality and reliability. 

• Sensor database and history. It consists in the creation of a sensor database 
where the sensor features and working parameters will be listed and kept 
updated during time in a cloud storage (figure 5.3.2). This procedure should 
limit the paper consumption and avoid any data loss, besides allowing the data 
access to the whole research team. Another advantage of this approach will be 
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the possibility to instantaneously recall all the working parameters of a sensor 
employed in the past, in the need to employ it again. 

 

Figure 5.3.2: Software section concerning the sensor features and working parameters database.  
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6 Conclusions 

In this thesis work, a discussion concerning the physics of nanostructured 

semiconductor grains, the thick-film sensor production and their applications for 

biomedical purposes has been done, to introduce the three-year research. After that 

it is important to highlight the several results attained during this period, starting with 

a brief content summary. In the Chapter 1 and 2, the semiconductor physics applied 

to chemoresistive grains has been explained to underline the potential of these 

nanotechnologies in the gas detection field. Basing on this knowledge, in Chapter 3, 

an innovative patented device (SCENT), based on a gas sensor array, has been 

presented and detailed. This prototype has been employed till now for research 

purposes in the biomedical field, analysing the complete VOCs spectrum exhaled by 

biological samples (i.e., feces, human blood, human tissues, cell cultures) with the 

final aim to detect and classify the CRC-VOCs. 

Despite the specificity of this branch, currently it appears very promising for the 

development of future technologies, capable of improving the current tumor 

screening protocols. This work is focused only on the detection of the CRC biomarkers, 

thanks to the multiannual collaboration of SCENT S.r.l research team with the 

Department of Surgery of the University of Ferrara and the S. Anna Hospital of 

Ferrara, with the future aim of extending this study to other types of tumor.   

The scientific articles presented in the Chapter 4 represent the detailed summary of 

the analysis performed and the results attained with SCENT device, underlining step 

by step the whole advances in this research field. The main results achieved are the 

discrimination between feces, blood and tissues collected from CRC-affected subjects 

and healthy controls, with high sensitivity and specificity. Concerning the 

immortalized cell cultures, a cell classification based on the initial plating 

concentration and the incubation period has been observed by means of SCENT 

device. This application highlights the capability of this device to monitor the cell 

health status as a function of their concentration and proliferation rate. 

As mentioned at the end of the Chapter 4, a novel research has been started at the 

end of 2020, where a follow-up protocol has been approved and applied on CRC-

affected patients. This protocol foresees the measure of four blood samples per 

patient, during the whole post-surgery period. This procedure aims to monitor the 

patient health status and to detect possible relapses. Up to now, twenty patients have 

been recruited for these tests with the aim of reaching up to forty recruitments within 

the end of June 2021, encouraged by the brilliant results attained up to now. 
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The novel device and managing software, detailed in Chapter 5, should be definitively 

working within June – July 2021 and it will replace the current SCENT B1 prototype to 

carry on the aforementioned follow-up project.  

Since SCENT sensor array interacts with a complex gas mixture, providing an overall 

output pattern, it will be interesting to study the single components composing the 

analysed biologic samples. For this reason, a new collaboration with the Department 

of Chemistry of the University of Ferrara is starting, and it foresees the flanking of 

SCENT device with a mass spectrometer for liquid analysis. This initiative will be 

crucial to classify CRC-biomarkers,  up to now analysed as a global mixture.  
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