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Abstract

Chemical sensors are becoming more and more important in any
area where the measurement of concentrations of volatile canpounds is
relevant for both control and analytical purposes. They hav e also found
many applications in sensor systems called electronic nosse and tongues.

This chapter will rst consider fundamentals of sensor scie nce in-
cluding a brief discussion on the main terms encountered in practical
applications, such as: sensor, transducer, response curvedi erential
sensitivity, noise, resolution and drift.

Basic electronic circuits employed in the sensor area will be discussed
with a particular emphasis on the noise aspects, which are important for
achieving high resolution values in those contexts where measurement
of the lowest concentration values of chemicals is the main dbjective.

All the most relevant transducers such as: MOSFET, CMOS, Sur face
Plasmon Resonance device, Optical Fibre, ISFET, will be covered in
some detail including their intrinsic operating mechanism s and showing
their limitation and performance. Shrinking e ects of thes e transducers
will also be commented on.

The electronic nose and electronic tongue will be described as sys-
tems able to give olfactory and chemical images, respectivdy, in a va-
riety of applications elds, including medicine, environm ent, food and
agriculture.

Finally some future trends will be outlined in order to predi ct possi-
ble applications derived from today's micro and nanotechno logy devel-
opments.



Figure 1.  Signal Domains and Parameters.

1. Introduction{Parameters

In the course of the last twenty years, using techniques bowwed from
standard silicon technology, silicon sensors became fundeental for the
measurement of most physical and chemical parameters. Figa 1 shows
the physical domains and the parameters for which silicon sgsors have
been introduced.

In the case of chemically sensitive devices, the interactio of a given
volatile compound or ions in solution can produce one of thedllowing
changes: mass, charge, temperature, refractive index, maegtic eld,
work function. For each of these changes suitable transducs are now
available.

Generally speaking sensors are devices able to interfacedlthemical,
physical and biological world with that of electronics and /or electro -
optics for processing, storing, communications and data pgsentation. In
the following we introduce the most important sensor paramé¢ers and
review the most successful chemical sensors able to reveabss, charge
and refractive index variations due to absorption-desorpton processes
involving volatile compounds.

Response Curve

The response curve (RC) represents the calibrated output reponse
of a sensor as a function of the measurand/s applied to its inpt. For
instance, in the case of a chemical sensor based on condudty(G), it
is recommended to use one of the following notations [1] forhte output
response:
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= G (conductance);
m G/G g (relative conductancs;
m (G - Gp) (conductance changg

m (G- Gp)/G g (relative conductance changg

Figure 2. A complex Sensor

In the case of a sensor whose output is a frequency, the repergtations
of the output responses may be as follows:

s f (frequency);

n f/f o (relative frequency);

m (f - fg) (frequency changé

m (f - fg)/f o (relative frequency changé

It is worth mentioning that for the communication of useful i nformation
the operating point of the sensors must always be speci ed iterms of
sensor temperature, electrical or magnetic polarization,and number of
fundamental blocks of the sensor model ( gure 2).

Sensitivity

Sensitivity (S) is de ned as the derivative of the response és a func-
tion of the operating point ) with respect to the measurand (M) and,
with reference to the four cases above, we have:

» S=dG/dM;
" S=d(G/Go)/dM ;
" S=d(G-Go)/dM;



m S=d(G-Go)Go/dM .

In the case of a linear response without o set, the previous ensitivity

relationships simplify to:

LINEAR RESPONSE

Conductivity Based Sensor

Frequency Output Sensors

m S=G/M;
m S=(G/Go)/M;
m S=(G-Gy)/M;

m S=f/M;
m S=(ff o)/ M;
m S=(f-fo)/M;

B S=(G-Go)Go/M. m S=(f-fo)ffo /M.

In the case of a piecewise linear response, for each of the samts the
sensitivities can be simpli ed as follows:

PIECEWISE LINEAR RESPONSE
Conductivity Based Sensor

Frequency Output Sensors

m S= G/ M; m S= f/ M;

m S= (GG o)/ M; m S=(ff o)/ M;
m S=(G-G o)/ M; m S=(f-f o)/ M;
m S=(G-G o)Go/ M m S=(f-f o)fo/ M.

With reference to g. 2 we de ne the di erent sensitivities a s follows:

» iS=g0 Internal S
s 'S= 3% Transduction S
Ag — dYs i
n S‘W IV, G, RAmplier S
Fq— dYs i
= "S= & Filter S
n ADg = dYour Analog/Digital Conversion S
4
T — dYz dY; — dY2 i
" So= G aM T av Overall Transduction S
A — dYs dyY2 dY: — dYs .
" °So= 7 & aM = aw Overall Amplier S
m Fgy=d¥a d¥s dvo dv; _ dYy Overall Filter S

dy; dYz2
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dYa dYz dYo dY; d™m dM

w ADg = dYour d¥s dYs dYp dY; _ dYour Overall AID S

We apply some of the above de nitions to practical examples elated
to temperature and chemical sensors.

Noise (N)

Resolution can only be determined after noise evaluation othe sensor,
keeping in mind that noise is related to the operating point. In practical
situations di erent kinds of noises can be encountered: Thamal, Flicker,
Generation{Recombination, Shot, and others that are seenn special
cases but are not so frequent. The most important parameter sed for
the characterization of noise devices is the Noise Spectrddensity by
which, through integration, it is possible to estimate the mean square
value of the output voltage:

f high

V2= S(f) o 1)

f low

where:

s S(f) =4 k T R for thermal noise,

s S(f) = 2 g | for shot noise,

s S(f)=kV2f with close to 1 for icker noise and
m S(f) = k1 ko / (1+w 2 2) for g-r noise.

Resolution

At the theoretical level resolution (R) is de ned as the amount of the
measurand which gives a signal to noise ratio equal to one ahe output
and can be expressed, in a simpli ed form, as:

R = ( NoiseV oltage)=S: 2)

In practice it is de ned as the amount of the measurand which gves
a signal to noise ratio equal to 3 or 6 or 9, according to the kid of
application, at the output and can be expressed in a simpli ed form as:

R=(3 or 6 or 9) (Noise V oltage=S; )

which means, in all cases, that sensors showing the same outpnoise
present the better solution when Sensitivity is higher. Since sensitivity
is a function of the operating point, so is resolution.



Resolution can be de ned in two other ways: minimum detectale
signal level applicable when the response is in the vicinityof the output
noise level, and minimum detectable signal change level afipable at
any operating point along the domain of the response curve wén the
measurand change is close to the noise level.

Drift

Drift (D) represents a slow, unpredictable uctuation of th e output
signal. It has no statistical meaning. Its presence can sontienes be
reduced by a careful design of all the individual sensor pag, but cannot
be eliminated. It is a rather complex phenomenon, probably die to the
aging e ects of the microscopic constituents of the sensingnaterial.

EXAMPLES
Metallic and Semiconductor Thermistor

Figure 3.  Schematic design of thermistor signal read-out circuit.

As a rst example, let us consider a metallic thermistor insated
in g. 3, whose resistance is, in a rst approximation, expressed as:
R(T)=R o(1+ T). R(T) is the resistance of a PTC thermistor at a given
temperature T, Rg is the resistance at Ty, and | represents a suitable DC
(or AC current), while A is the constant gain of a low noise amgi er,
operating in a suitable bandwidth. Let us suppose that the irfjected cur-
rent | does not induce, through the heating process, a deteetble change
of the resistance value.

In order to allow the resistance measurement, the current ifection
is obtained in the circuit represented in g. 3, by applying a voltage
Vo. This current, due to the virtual ground condition determin ed by
the circuit con guration (very high input impedance), will cross the
feedback resistor R and determine an output voltage. In this example
M and Y; (j=1,2,3) are the quantities:
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M=T,Yr=R;Y2=1,Y3= Vour: (4)
The Sensitivities can then be written as:
i dy;,
'S = _~-=R 5
i 0 ()
dy 1
T 2
S=—_= 6
dy, OR(T)2 ©
dy
Ac — 3 _ .
S=—= R;: 7
av, f (7)
The Overall Ampli er Sensitivity can be expressed as:
: Vo R
Ae — Ac Te ic = 0 Rp
So="S 'S 'S= ———— —— 8
0 Ro (1+ T )2 ®
and nally the Resolution is given by:
Vhoise
T= : 9

This means that in order to determine the temperature resoldion, the
sensitivity should be estimated and noise measurement pesfmed at the
output of the circuit.

It is worth mentioning that the overall sensitivity can be mo di ed by
changing both the value of the polarization current| and the ampli -
cation value A. As a particular case, whenl =1 A and A= 108, the
product of I and A is equal to 1, so that the Overall Sensitivity coincides
with the Internal Sensitivity divided by R(T).

All the changes inl and A should be done in order to have negligible
self-heating of the thermistor, and an ampli er must be seleted having
a noise as low as possible in order to obtain an optimal resotion value
for the determination of small temperature changes.

A second example is the case of a negative temperature coe ent
(NTC) thermistor, such as a semiconductor, characterized ly:

R(T)=Rg e ' 's= dvs _ R(T): (10)
daMm
The Overall Ampli er Sensitivity Sy can be expressed as:
i T V% R
AS():AS TS ig= € = 0 f (11)
0

and the Resolution is given by:

V oise Vnoise
T = é‘l— = —: 12
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2. Fundamentals Devices

The MOSFET, the most important microelectronic device, can be
reduced in dimension to reach a minimum feature size of 0.1 raron but
even lower dimensions (0.05 microns) are foreseen, as denstmated by
recent advanced experiments.

Relevant for our discussion is the genesis of the sensitiyitbehaviour
in a class of devices all generated from the well known MOSFEBtruc-
ture (ISFET and GASFET). In particular, the in uence of char ges into
the gate oxide on the threshold voltage and MOSFET behaviourunder
shrinking conditions will be discussed.

The MOSFET operation

Figure 4.  Cross-sectional view of a n-channel MOSFET.
The charge control equation related to this device in the quai-linear
region is approximately given by:
w V2
Ips = nCoxf[(VGs V1) Vbs %] (13)
where

m Cyy = oxide capacitance

= Vps = dc drain-source voltage
= V7 = threshold voltage

= Vgs = gate voltage

=, = inverted channel electrons mobility.

In the saturation region, at and above the pinch-o point, neglecting
the e ective channel length change due to theVps value, due to the
condition @bs =@W¥s = 0(thusVps = Vgs Vr), this equation becomes:



Chemical sensors and chemical sensor systems 9

Ibs = nCory [(Ves Vr)?k (14

Considering the above two equations, it is possible to derig the two
transconductance expressionsgm:.n - and gm:sat as follows:

W
Om;LIN = @é—bé: nCoxTVDS (15)
W
Om;SAT = %—bé = nCoxf(VGS V1): (16)

It is worth pointing out that g, has the same meaning as the output
current-input voltage gate sensitivity (S).

Figure 5. Ips Vbs characteristic with Vgn as input parameter(Ven >Ven 1).

From the transconductance expressions we see that the rstéq. 15)
is linear with Vps and the second (eq. 16) is related to both MOSFET
gate voltageVgs and its threshold voltage V. In both casesCyx plays an
important role. In fact in order to increase the sensitivity, the gate oxide
thickness should be as thin as possiblegnm.sat , according to equation
16, depends onVy and it is known that V¢ depends onVgg, the at
band voltage, according to:

Vr = Vgg + Ve +2j pj+ Cip

0X

2'sqNa(2j pj+ Ve VB) (17)

where
» V= voltage applied at drain

s p= potential in a doped region

"g= relative dielectric constant

Na= acceptor atomic density

Vg = voltage applied at substrate.
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In uence of charges into the oxide layer in a MOS
system

It is important to brie y recall the in uence of a given charg e distri-
bution present in the oxide on Vgkg, and, as a consequence, oxr [2]. If

Figure 6. example of sheet of charge and approximate plot of the electric eld in
the Qox in the oxide layer MOS system.

a charge distribution (x) is present in the oxide, Vkg is given by:

Z
Qs 1 *x (x)
s -
M Cox Cox o Xox

Vg = dx (18)

where
= s = metal semiconductor work functions di erence
s Q;= xed charge at the SiO, Si interface.

In fact the e ect of any oxide charge is to shift the at band vo ltage
from its value related to the ideal case (absence of chargesto the
oxide). If this charge is stable, the shift induces a stable ltange of the
threshold voltage Vr. If this charge is not stablg the transconductance
value will not be stable and, as a consequence, thiys will experience
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an unwanted change that may a ect the useful signal in real operative
conditions.

On the other hand, xed (stable) chargesinto the oxide may be toler-
ated, and their in uence overcome, if a calibration procedue is consid-
ered before any estimation of the MOSFET output.

In order to give an example of oxide charge induced MOS behawour,
let us consider the case of g. 6 where a sheet of charg@.y is inside the
oxide at x;. and where the corresponding electric eld is drawn accordig
to Gauss' law:

Figure 7. Example of charge half Gaussian distribution inside the oxi de layer of a
MOSFET structure.

Due to the electric eld presence in the semiconductor,Qqx will in u-
ence its at band voltage. It is possible to derive, from simge consid-
erations related to electrostatics, that the Vgg variation Vgg, when a
charge Qqx is in the oxide at position Xy, is given by [2]:

QoxX1 .

VF B = .
CoxXox

(19)

This means that if Xx1= Xox, Vrp Will be equal to  Qux=Cox, as ex-
pected.

On the other hand if x;= 0% (in other words, if Qo is just inside the
oxide at x =0%), Qqx Will fully compensate the positive charge, and

Veg Will be zero. In fact the electric eld into the silicon will b e about
zero and Qux will not in uence the quiescent point.

It is worth noting that if Qgx is moved just outside the oxide layer
(for instance at x =0 ), then Vg will be di erent from zero because
the situation will correspond to a positive voltage directly applied to
the gate by a virtual metal gate represented by the sheet of chrge of
intensity + Qux. As an example, if the oxide charge can be represented
by half of the Gaussian distribution, as follows

2
()= —expl 2 (20)
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the at band voltage contribution will be given by:

2

X
Vkg = mpz—fe)(p[ ﬁ] 1g: (21)

The ISFET operation

In principle the ISFET is derived from a MOSFET, where the metal
is replaced by the couple solution-reference electrode andhere a CIM
(Chemically Interactive Material) is deposited on the SiO,, the gate
oxide.

The purpose of the CIM is to attract ions present in the solution; the
incorporated ions represent an equivalent charge near th&i0, and it is
equivalent to a voltage applied to the gate. In particular cases the CIM
can be theSiO, itself or a thin Im of SiszN4 or other insulators. As an
example, in order to obtain an ISFET sensitive to K * ions in solution,
valynomicine may be utilized as a CIM.

An approximate expression for theVgg of an ISFET is:

Z
Qss 1 X x (x)

RT
Ver = E ; + —Ina i — dx
FB ref i ( 0 F |) Si Cox Cox 0 X ox
(22)
Eret = EI Tet (23)
where
" i= correction factor

o= standard potential of the oxide-electrolyte interface

= 3g;= ion activity of the electrolyte

si= silicon work function

Qss= charge of the surface states

R
. X ) gx= oxide charge.

Xox

At this point it is worth mentioning that the space charge regions
present from the reference electrode up to the semiconducteshow dif-
ferent electric elds, and as a consequence, di erent potetial drops. The
contribution of all of them determines the operating point (QP) of the
system.

Around this point any change of the electrolyte concentration would
change thelps current by a certain sensitivity value. Once the noise
at QP is measured, then the resolution at QP may be evaluated ¥
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Figure 8.  cross sectional view of an ISFET in a solution with the refere nce electrode.

Rop = Vn.op =Sop, Where Sgp = @bs =@ 6ne and all quantities are
dependent on the quiescent point (QP).

Moreover it is important to stress that any change of one of the above
mentioned space charge regions, either in solids or in liqds, will yield,
as nal e ect, a change of the output current of the system.

Finally we observe that changes of the hs can only come from changes
related to what is in between the gate and the semiconductor.Charges
out of the gate have no in uence on the system. This observatn will
prove useful in understanding the GASFET operation.

Essential is the presence of the reference electrode, whicheans an
electrode whose potential is solution-independent and shdd also be
temperature independent, at least in a speci ¢ range aroundhe QP.

Any charge change occurring only \between" the reference ektrode
and the semiconductor is a candidate for a change ofbk. In particular
one of the most important points is the surface potential at the oxide-
solution interface (' o) if no CIM is present, or the surface potentials
between the CIM and the solution and the potential between the SiO,
and the CIM, in the presence of a given CIM. The ISFET operatian may
be represented by the following \changes- ow" which may be onsidered
as superimposed on the quiescent point determined by the refence
electrode potential:

"osio, E: ! VeB! V! Ips!  Vou (24)

"ocim EL! "sio,! CIM!  Veg! (25)

In the absence of a given CIM the device shown in g. 8 may becom
the well known pH sensor.

It is worth mentioning that a variety of insulators may be uti lized,
as well, for pH measurements, such as oxides of Ti, Ta, Al, Ir.All of
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them, due to their dierent permittivity values, give rise t o dierent
sensitivities for the ISFET and also for the GASFET.

The GasFET operation

GasFETs are devices similar to MOSFET, and are able to show aer-
tain sensitivity to volatile compounds. The intrinsic sensitivity mecha-
nism is based on the possibility of generating either a posive or negative
charge to be deposited in the vicinity of the SiG-CIM interface or even
on the top of the CIM. A conductive gate must be present in orde to get
the correct operating point of the FET structure and an air gap must
be present too between the CIM and the gate in order to permit he gas
to ow.

Figure 9.  cross sectional view of a GASFET where the CIM is deposited on the
SiO; layer.

For example the Pd gate MOSFET is sensitive to hydrogen due to
the catalytic behaviour of palladium (very few metals are transparent
to a given gas at standard pressure and temperature). The diusion of
hydrogen atoms at the Pd-SiG interface and, in a rst approximation,
the consequent local change of the work function of the Pd-Htsucture,
induces a change in ¥g and, as a consequence, in thepk, with a
certain degree of sensitivity.

The necessity to have an air gap with the aim of allowing the vdatile
compounds to enter and leave the system, has an in uence on thoverall
sensitivity. In fact it becomes reduced due to the presencefadditional
capacitors in series with that due to the SiG, layer. The total capaci-
tance is made up by the presence of &, due to the SiO, layer, Ccim
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due to the CIM layer and C4; due to the air gap:

1
CTOT = 1 1 1 (26)
Cor T Ccim * Cair
@bs w
- =———= ,C —(Ve V1) 27
UnsaT = "Gy nCrort L( e V1) (27)
Due to the fact that C 4 is small enough, we get in a rst approximation:
CoxCair C
Cror = ox—ar ~CIM u Cair: (28)

Cair Cox + CoxCcim + Ccim Cair
In order to have a large gm:sat @ high Cy4, value should be used or,
in other words, the air gap should be as small as possible.
Two di erent situations are possible as far as the GasFET arditecture
is concerned.

Figure 10.  cross sectional view of a GASFET where the CIM is deposited under-
neath the gate.

Considering the two architectures of gs. 9 and 10, we have tw
kinds of sensitivity: one is related to the ratio of the output current
variation | pg with respectto V ; the other is related to the ratio of
the output current variation | ps with respect to the equivalent voltage
change due to a charge variation occurring on behalf of the abrbing
CIM. The con guration of g. 9 is certainly preferred to that of g. 10,
because in g. 9 the charge variation at the CIM level is close to the
SiO, layer, when compared to the situation occurring in g. 10. As a
consequence, a greater e ect will be induced on the depletiginversion
regions of the silicon underneath the SiQ.

MOSFET shrinking

It is not obvious that the sensor technology takes advantageof the in-
tegrated transistor shrink (ITRS) trend. In fact actual MOS FET dimen-
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sions o ered by microelectronic technology are already eve too small
for most of the sensor applications.

First, the decreasing supply voltages tend to reduce the dyamic
range of analog circuitry, unless this is compensated for by substantial
increase of power dissipation. Next, device miniaturizatbon enhances,
rather than reduces, 1/f noise. Finally, the very high cost d silicon real
estate after a deca-nanometer process could become incontiiée with
the requested size of on-chip sensors.

According to the scaling rules, the MOSFET transconductane is ex-
pected to remain constant if both the lateral and vertical device dimen-
sions are reduced by the same scaling factor. For a short-channel
MOSFET, the saturation current | psat may indeed be expressed as

Ipsat = WCox(Ves V1 VbsaT )Vsat (29)

where W is the device width, Cy is the oxide capacitance per unit area,
Vs is the gate-source voltage, ¥ is the threshold voltage, Vpsat the
saturation voltage and vsg; is the carrier saturation velocity. The device
transconductance turns out to be

Om = WCox[1 (dVpsat =dVes)]Vsat (30)

and, under the assumption that (dVpsar /dV gs) is roughly constant
for a given ratio Vpp /V 1 , it turns out that W scales with and
Cox = ( " ltox) with 1/ , regardless of the voltage scaling factor.
Thus, the MOSFET transconductance is expected to basicallyremain
constant through several technology generations, providg high- di-
electrics under development compensate for the non-scaldlly of the
oxide thickness tx. On the other hand, the transconductance per unit
width (g /W) is expected to increase by the scaling factor .

Connected with the transconductance scaling rules is the beaviour
of the thermal noise, and the mean square value of the currenk ig >
in saturation reads: < i§ > = 4KT gm. Here is a factor which,
within a simplied MOSFET model, equals 2/3, but it may becom e
larger under strong non equilibrium conditions, where the aerage energy
of the carriers increases well above (3/2)KT. Due to the insasitivity of
the device transconductance to the scaling factor, the themal noise is
expected to stay nearly constant as the device size is scalatbwn. The
major problem comes instead from the icker noise, otherwig referred to
as the 1/f noise, which increases inversely with the gate a® The icker
noise is modeled as a voltage source of value vé >= K=(WLCf),
in series with the gate. HereK is a process-dependent constant.
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Therefore the icker noise is expected to grow with as the device
size is scaled down. In deep submicron MOSFETS the corner fgeiency
at which thermal noise equals icker noise may be as large asQD MHz,
indicating that, at low frequency, 1/f noise is the most sevae noise source
which a ects sensor performance.

When the available gate area is further reduced and the numbieof
devices may increase, another crucial point is the complegi of the depo-
sition of a suitable and possibly di erent chemically interactive material
(CIM) on their gates. This problem may have a solution in those cases
where di erent kinds of CIMs are mixable without altering th eir indi-
vidual properties. In fact with only one deposit, if the gate areas are
su ciently small most of the gates will be covered by di erent compo-
sitions of CIMs. This process would allow the easy fabricabn of single
chip electronic noses with the possibility of a high degree foredundancy.

3. Thermopiles

Figure 11. Schematic design of Thermocouple and Thermopile.

Thermopiles are considered temperature sensors and are fatated
incorporating a number of thermocouples. Each thermocoum is formed
by a couple of di erent materials (Metall-Metal2, Metal-Semiconductor,
Semiconductor-Semiconductor) and responds to a temperate di er-
ence localized between the two junctions (cold junction andvarm junc-
tion ), see g. 11. One of the two junctions can be considered he
reference one.

During operation the voltage developed at the thermopile odput is
proportional to the thermoelectric power of each of the two d erent
materials and to the temperature di erence between the warmand cold
junction (Seebeck e ect).

When constituted of metals, thermopiles exhibit a very low noise,
in particular only thermal noise if the voltage ampli er use d for signal
ampli cation has a very high input impedance.
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Figure 12.  Schematic design of thermocouple or thermopile signal read-out.

Thermopiles can be deposited through thermal evaporation b even
sputtering on either hard or soft substrates.

A thermopile can also be used as a chemical sensor if one of th&o
materials is a catalytic metal for a given volatile compound In this
case it is necessary to keep the warm and cold junctions at catant
temperature. During absorption of the volatile compound on behalf
of the catalytic material the thermoelectric power may change, giving
rise to an output voltage which can be related to the concentation of
the volatile compound. A typical example is the thermopile as hydrogen
sensor, where one of the two materials is palladium, a standd hydrogen
catalyzer.

4, Kelvin Probe

Figure 13. Schematic design of Kelvin Probe circuit and its signal outp ut.

The importance of surfaces has grown along with the developent of
chemical sensors in recent years, due to the interaction baieen a given
volatile compound and the surface of a chemically interactve material.

The Kelvin Probe technique allows measurement of the Work Func-
tion of a given surface, not only in stationary conditions but also during
absorption { desorption processes.

In its simple form the Kelvin Probe is shown in gure 13, where
the test plate is left xed while the other plate of the capacitor can
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be mechanically moved in di erent ways, in particular, as one possible
example, with a piezoelectric system.

According to electromagnetic theory, any time a charge capeitor
changes its value a displacement current is generated, exgssed ad =
dQ=dt= CdV=dt+ V dC=dt

The experiment is conducted measuring the current corresprading to
di erent voltages (positive and negative) applied to the capacitor. Since
the overall voltage applied to the capacitance isv  the displacement
current is given by: | = (V ) dC=dt

A plot of current vs. voltage allows the to be determined as the
intersection of the current amplitudes on the X-axis.

5. Bulk Acoustic Waves

Figure 14. Quartz resonator as microbalance for chemical sensing.

A schematic diagram of a bulk acoustic wave (BAW) chemical sasor
is composed of a BAW piezoelectric resonator with one or bottsurfaces
covered by a membrane (CIM) (g. 14).

The BAW structure is usually connected to a suitable ampli er to form
an oscillator whose resonant frequency is related to both th physical and
geometrical characteristics of the device.

Any change in the physical properties of the membrane due to @
sorption or absorption of chemical species from either the @s or liquid
phase a ects the resonant frequency of the structure.

The resonator is usually made of quartz and both longitudind and
shear modes can be used. As to the quartz, crystallographiaits showing
a highly stable temperature operation dependence are carefly selected
in order to improve the possibility of obtaining satisfactory resolution
values.

6. Surface Acoustic Waves

Surface acoustic wave (SAW)-type chemical sensors explothe prop-
agation loss of the acoustic waves along layered structuresonsisting of
at least a substrate covered by the CIM.
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Figure 15. Basic structure of a SAW chemical sensor.

Changes produced by the measurand on the properties of the & can
a ect both the phase velocity and the propagation loss of theacoustic
wave. There are examples of SAW sensors based on the measuesis
of the changes in the phase velocity.

A SAW device is con gured as a delay line and fed by a radio fregency
signal. Any change in the velocity v is detected as a change in the
phase delay of the wave, thanks to a phase detector that givea voltage
proportional to the di erence of phase between signal inputand output.

=2 1oy '7 (31)
L =2 f (%): 'OTV: (32)

7. Natural and Arti cial Olfaction

In the last decade much e ort has been oriented to the fabricéion of
arti cial olfaction machines able to determine chemical images (also odor
images) of complex volatile compounds. Today many di erentelectronic
noses and tongues are available for odor detection and classtion and
for the creation of chemical images of liquids.
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Characteristics comparison of natural and arti cial olfac tion

Natural olfaction

Arti cial Olfaction

n geceptors:
-Non selective

m  §ensors:
-Non Selective
-Low Redundancy (10)

-Ultrahigh Redundancy(10 &)
32 -Biochemical transduction
signal: pattern of spikes.

3 -Chemical transduction
signal: steady signal

[ gample Delivery:
< -Actuation of sning
-Two sources of odor
(outside and inside)
m  Signal processing:
Data synthesis

u Qata analysis:
-Ultra Wide Database
-Drift compensation
3 -High integration with
" other senses

[ §amp|e Delivery:
< -Continuous sni ng
-A source of odor
(outside)
m  Signal processing:
One sensor{one signal

[ Qata analysis:
-Limited database
-Poor drift compensation
32 -Integration with
other instruments

These systems are formed by a number of cooperating individal non-
selective sensors, whose outputs are processed to form cheat images
or, in the presence of odors, olfactory images.

Natural olfaction does not give analytical information about the in-
haled air, but rather it provides signals to the brain in order to get, at
the perception level, a qualitative description of the sni ed air. Also
natural olfaction utilizes a huge number (millions) of non selective re-
ceptors which show sensitivity to thousands of dierent odas. The
arti cial olfaction system has a smaller number (from 5 to 50) of sen-
sors and, after a suitable data analysis technique, it is pasible to obtain
images of the volatile compound clusters present in the enwbnment.
The sensors used most for arti cial nose applications are thse based on
guartz micro-balances, operating at room temperature, or hose employ-
ing metal oxide semiconductor materials such as Sn®(operating in the
temperature range (200-500) C, doped with di erent cataly sts, in order
to give a higher sensitivity toward gasses in the detection pocesses.

Varieties of polymers are also employed as sensitive matetli for elec-
tronic nose applications, and the operating temperature mg reach about
100 C. In the case of quartz microbalance-based sensors a ttge role
is played by the chemically interactive material (CIM) on which it is
deposited. A rather e cient room temperature operating CIM is the
metal-porphirin, by which it is possible to construct varieties of nostrils,
just changing the type of coordinated metal. Interesting meals success-
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Figure 16. Opto-nose and multi-component analysis of nose output.

fully employed are: cobalt, zinc, copper, magnesium, irongtc. Fig. 16
shows an opto-nose and the principal components analysis salt related
to the discrimination skin to distinguish brandies and digestives, while
g. 17 shows the typical multi-component analysis data of a rose output
[3].

Future perspectives for the electronic nose research eld r@ listed
below. They concern both expected sensing and technical ssing and
performance. Improvement of sensing performance of the itisiment:

= Increase of both selectivity and sensitivity of the instrument to-
wards di erent samples;

m Introduction of enrichment techniques of headspace sampiig;

= Optimization of molecular structures towards more speci ¢ appli-
cations;

m  Generation of more reproducible and long-life sensors.
Improvement of technical performances of the instrument:

= Creation of a portable nose powered by batteries, able to deict
increasing concentration of gases (or odors);
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Figure 17. Typical responses of the di erent sensors.

= Miniaturization of the instrument.

8. Optical Fibre Sensor

Figure 18. Propagation of light in a typical bre sensor.

Optical bres behave as wave guides for light. The original mes were
made of glass but now polymeric materials are mostly used ashey are
cheaper than glass and metal wires.

The light can propagate along the bre usually by totally int ernal
re ection (TIR) as indicated in g. 18. TIR is controlled by t he angle
of incidence and also by the refractive indices of the medianivolved in
the propagation.

From Snell's Law, sin( ;) n; =sin( ;) n;,. We have TIR when
sin( i) > n.=n;, while we will have refraction and re ection when
sin( j) < n,=n;. In practical cases properties of light, such as phase,
polarization and intensity, can be modulated inside the wawe guide by
a given measurand, which is interacting, for instance, witha CIM ly-
ing within the penetration depth for the evanescent eld of the light
localized near the external guide surface.
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Integrated guides can also be used as a chemical sensor. FIP shows
a Mach-Zehnder interferometer where one of the two branchebas been
covered by palladium, a catalytic metal for H, [4]. The output phase
change measurement determination of parts per million of H has proven
to be possible.

Figure 19. Mach-Zehnder Interferometer.

0. Surface Plasmon Resonance

The term surface plasmon resonance (SPR) can refer to the phe
nomenon itself or to the use of this phenomenon to measure bmolecules
binding to surfaces. This method is now widely used in the bisciences
and provides a generic approach to measurement of bio moleluinter-
actions on surfaces.

The phenomenon of SPR is directly related to Snell's Law (seeg.
18). In fact when radiation passes to a medium with lower diekctric
constant there is a critical angle beyond which the refractel beam cannot
propagate in the other medium.

The decrease in re ectivity at the SPR angle (Zp) is due to absorp-
tion of the incident light at this particular angle of incide nce. At this
angle the incident light is absorbed and excites electron adllations on
the metal surface.

It is important to understand why re ectivity is sensitive t o the re-
fractive index of the aqueous medium if the light is re ected by the
gold Im. This sensitivity is due to an evanescent eld which penetrates
approximately 200 nm into the solution [5].

The evanescent eld appears whenever there is resonance baten the
incident beam and the gold surface and is not present when the is no
plasmon resonance, that is, where the re ectivity is high.

. n
Total Internal Re ectance: sin( )= n—r: (33)
i

Incident light can excite a surface plasmon when itsx axis component
equals the propagation constant for the surface plasmon. SR occurs
when this projected distance matches the wavelength of thewsface plas-
mon ( g. 20).
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Figure 20.  Condition of Surface Resonance.

Resonance cannot be excited with light incident from the airor from
a medium with lower dielectric constant (ksp > k). The refractive index

of a prism reduces the wavelength to = o/np.
A condition of resonance can be obtained by:
= ksp = ko(rip

e
= ky=ko nj sin( ;)

m  Condition of resonance: kp = k

10. Conclusions

In view of the future development of sensors driven by incresing
demand for accuracy and precision, and by the opening of newelds
close to the biological area (which is oriented toward nandsiosensor
fabrication), it appears even more important to properly use the most
relevant sensor keywords, such as: response curve, senstyl, noise,
drift, resolution, and selectivity.

The correct understanding of these words and their implicatons is
of fundamental importance for the scienti ¢ and industrial community
interested in sensor science development, since it allow$é correct dis-
semination of both experimental and theoretic results, eva if other im-
portant terms in the sensor eld have not been discussed in tis chapter,
such as speed of response, reversibility, repeatabilityaproducibility, and
stability, to which some attention was paid during the presentation of
this work at the ASI.

Some fundamental transducers have also been considered tgpdain
intrinsic sensing and sensitivity mechanisms, without disegarding com-
ments on noise which are fundamental to the determination ofesolution.
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