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Abstract
The purpose of this thesis is the realization of a photoacoustic sensor for trace
detection of sulfur hexafluoride (SF6 ) in a gas mixture.
The photoacoustic (PA) effect is the generation of sound waves as a consequence
of the absorption of modulated light by a target. Traditional photoacoustic spectroscopy (PAS) uses resonant cells to enhance the acoustic wave and sensitive
microphones to detect and transduce it into an electric signal. Nowadays, the
most important use of PAS is in gas sensing, since the PA signal appears to be
proportional to the concentration of the gas target within the cell.
A recent innovation has been the introduction of Quartz Enhanced Photoacoustic
Spectroscopy (QEPAS), in which the acoustic cells are replaced by small quartz
tuning fork (QTF), like the one we can find in clock watches. Compared to the
traditional PAS, this novel approach to gas sensing presents numerous advantages.
Indeed, an acoustic cell is usually heavy, significant in size and thus absolutely not
practical, while a tuning fork adds to microscopic dimensions and negligible cost,
an extremely high quality factor and its piezoelectric properties allows to transduce
its vibrations directly into a current signal. Furthermore they are almost immune
to environmental noise due to their acoustic quadrupole configuration and high
resonance frequency.
In this thesis work, we have conducted a QEPAS experiment for the detection
of SF6 , an extremely stable, inert gas which presents strong absorption lines in
the 10.54 - 10.56 µm region of the electromagnetic spectrum. It is one of the
most potent greenhouse gases and its many industrial applications encourage the
interest in its revelation.
The light source employed was an External Cavity Quantum Cascade Laser (ECQCL) operating at λ = 10.55 µm, fiber coupled with a hollow-core waveguides
xiii

xiv

Abstract

(HCW) to the QFT. The lowest concentration reached was 2.75 ppb (part per
billion) in 1s of integration time. This corresponds to observe a very small number
of SF6 molecules, of the order of 104 . In addition, the sensor shows a linear
response for more than two orders of magnitude and its reliability, compactness
and high sensitivity make it a perfect candidate for industrial applications.

Thesis organization:
Chapter 1 deals with the physics behind the photoacoustic (PA) effect. The three
main steps in the generation of the PA signal, that is, the absorption of light, the
generation of the sound wave and its detection, will be analyzed, with particular
attention to gas sensing applications.
In Chapter 2 after a brief description to the piezoelectric effect, we will proceed
by analyzing the mechanical and electrical properties of a quartz tuning fork and
its employment in an apparatus for PA spectroscopy.
Chapter 3 is devoted to the detailed description of the apparatus used for the
QEPAS detection of the SF6 , while in Chapter 4 the experimental results are
presented and discussed.
Chapter 5 gives an outlook to state of art of the novel nano-mechanical resonators and transduction techniques, with the aim of understanding how these
new technologies can be included in a PA spectroscopy apparatus to improve its
performance.
Finally, in Appendices we will provide an in-depth analysis of the characteristics
of lock-in amplifiers and of the Allan variance. Moreover a LabVIEW software for
the management of the flow controllers used in the experiment will be presented.

Sommario
L’obiettivo di questa tesi è la realizzazione di un sensore fotoacustico di tracce
gassose per la rivelazione dell’esafluoruro di zolfo (SF6 ).
L’effetto fotoacustico è la generazione di un’onda sonora come conseguenza dell’ assorbimento di luce di intensità modulata da parte di un campione. Storicamente la
spettroscopia fotoacustica (PAS) impiega celle risonanti per amplificare l’intensità
dell’onda acustica e microfoni estremamente sensibili per trasdurla in un segnale
elettrico. Oggi l’applicazione più importante della PAS è nell’ambito del gas sensing, poichè il segnale fotoacustico risulta essere proporzionale alla concentrazione
del gas bersaglio all’interno della cella.
Una recente innovazione è stata l’introduzione della Quartz Enhanced Photoacoustic Spectroscopy (QEPAS), in cui la cella acustica viene sostituita con un
piccolo diapason di quarzo (QTF), come quelli comuninemente impiegati nei moderni orologi. Rispetto alla PAS tradizionale questo nuovo approccio al gas sensing
offre numerosi vantaggi. Infatti una cella acustica è generalmente pesante, di
grandi dimensioni e assolutamente non pratica, mentre un diapason di quarzo aggiunge a dimensioni microscopiche e costi potenzialmente bassi, fattori di qualità
estremamente alti e le sue proprietà piezoelettriche permettono di trasdurre le sue
vibrazioni direttamente in un segnale di corrente. Inoltre sono quasi del tutto immuni al rumore ambientale grazie alla loro configurazione acustica a quadrupolo e
alla alta frequenza di risonanza.
In questo lavoro di tesi si è condotto un esperimento QEPAS per la rivelazione
dell’SF6 , un gas estremamente stabile, inerte, che presenta forti righe di assorbimento nella regione dello spettro elettromagnetico compresa tra 10.54 e 10.56 µm.
Si tratta di uno dei più potenti gas serra e le sue molteplici applicazioni industriali
incoraggiano l’interesse nella sua rivelazione.
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L’apparato sperimentale comprende un Laser a Cascata Quantica con Cavità Esterna (EC-QCL) operante alla lunghezza d’onda di λ = 10.54 µm e un diapason
di quarzo di dimensioni standard. Inoltre due tubi microrisonatori sono stati
posizionati sui lati del diapason per amplificare il segnale acustico. Una novità
rispetto al QEPAS standard è stato l’utilizzo di innovative fibre ottiche hollowcore realizzate per il medio infrarosso con un rivestimento interno di Ag/AgI ed un
diametro di 300 µm. Queste fibre presentano la singolare proprietà di fornire emissione singolo modo gaussiano a prescindere dalla qualità del fascio del laser e di
conseguenza hanno permesso una migliore focalizzazione della radiazione. Questo
ha di certo contribuito alla sensibilità dell’apparato poichè la luce intercettata dal
diapason produce un indesiderato rumore risonante che non può essere filtrato
dall’amplificatore lock-in.
Prima di procedere, sono state condotte una caratterizzazione della sorgente di
luce e un ottimizzazione della pressione di lavoro e della modulazione di corrente
del EC-QCL.
Le misure di concentrazione sono state condotte per due adiacenti regioni spettrali, ma i migliori risultati sono stati raggiunti per quella compresa tra 947.8 −
948.0 cm−1 . Qui il sensore ha mostrato un comportamento lineare da 10 ppm a
132 ppb di concentrazione di SF6 . Il coefficiente di proporzionalità tra segnale
QEPAS e concentrazione misurato è stato di 0.020 mV /ppb. La minima sensitività raggiunta dall’apparato è stata 2.75 ppb di SF6 per 1s of di integrazione del
segnale, che corrisponde all’osservare la presenza di sole 5 104 molecole di SF6 .
Lo sviluppo di nuove e performanti sorgenti di luce sembra essere la via più semplice per migliorare la sensibilità di rivelazione, ma, come proposto da diversi
gruppi di ricerca, si dovrebbe perseguire un’ottimizzazione dell’intero apparato.
Nei prossimi anni, un’attenta progettazione di diapason di forme innovative, una
elettronica più performante e l’uso di cavità ottiche potrebbero contribuire al raggiungimento dell’obiettivo ultimo della rivelazione di una singola molecola di gas
bersaglio.
Infine, si è dato uno sguardo al futuro, esplorando il mondo dei nano-risonatori
meccanici. L’obiettivo della rassegna è stato investigare i limiti dell’impiego di
questi risonatori all’interno di apparati per la spettroscopia fotoacustica. Si sono
analizzate le loro caratteristiche elettriche e meccaniche e si sono discusse tecniche
di transduzione del segnale basate sulle proprietà di piezoelettricità di materiali
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bidimensionali come il grafene o i metalli dicalcogenidi. Attualmente, le frequenze
di risonanza nel range dei MHz e il drastico calo del fattore di qualità, quando
ci si avvicina a temperatura ambiente, tengono questi risonatori lontani da applicazioni fotoacustiche, ma le loro dimensioni nanoscopiche sembrano il naturale
sviluppo del processo di miniaturizzazione cominciato con la sostituzione di celle
macroscopiche con piccoli diapason di quarzo.
La spettroscopia QEPAS è oggi un campo di ricerca in forte espansione e molte
nuove idee promettono grandi successi nell’ambito del gas sensing.

Organizzazione della tesi:
Il Capitolo 1 affronta la fisica dell’effetto fotoacustico. Saranno analizzati i tre
passi principali nella generazione del segnale fotoacustico, cioè l’assorbimento di
luce, la generazione dell’onda sonora e la sua rivelazione, con particole attenzione
alle applicazioni per campioni gassosi.
Nel Capitolo 2 dopo un breve descrizione all’effetto piezoelettrico, procederemo
con un’analisi delle caratteristiche elettro-meccaniche dei diapason di quarzo e
come essi vengono comunemente impiegati negli apparati di spettroscopia fotoacustica.
Il Capitolo 3 è dedicato ad una descrizione dettagliata dell’apparato sperimentale
usato per la rivelazione dell’SF6 , mentre nel Capitolo 4 saranno presentati e
discussi i risultati dell’esperiemento.
Il Capitolo 5 presenta lo stato dell’arte dei nuovi nano-risonatori meccanici e di
innovative tecniche di trasduzione.
Infine nelle Appendici sarà fornita una descrizione dettagliata dei principi di
funzionamento di un amplificatore lock-in e della analisi statistica di Allan. In
aggiunta verrà presentato un software realizzato in ambiente LabVIEW per la
gestione dei flussimetri utilizzati durante l’esperimento.

Chapter 1
Photoacoustic Spectroscopy
1.1

Photoacoustic effect (PA)

The photoacoustic (PA) effect is the generation of acoustic waves due to the absorption of modulated light in a gaseous, liquid or solid sample.
To explain the phenomenon, let us consider a closed cell containing N molecules of
a particular gas. When light of a specific wavelength is absorbed by the gas sample,
the molecules are brought in their excited state (Fig. 1.1). Collisions among these
molecules with other atoms or molecules in the cell can cause non radiative deexcitation, which transform their energy into translational energy. Looking at the
cell as a whole this will lead to an increase in the temperature of the gas, and, since
the number of molecules and the volume of the cell are constant, a rising of the
gas pressure will be experienced too. In other words, the energy of the absorbed
photons is converted into kinetic energy resulting in a pressure increase.

Figure 1.1: A typical photoacoustic spectroscopy (PAS) experimental apparatus [1] .
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If the incident light is modulated, the pressure in the cell will be modulated too
and a pressure wave, i.e. an acoustic wave, with the same frequency of the light
modulation will be produced. This acoustic wave can be easily detected with a
sensitive microphone.
The pressure wave intensity can be evaluated considering that if N1 molecules are
excited by absorbing photons of energy hν and collisions transform this energy into
3
a translational one, the total kinetic energy of the gas Ekin = N kT increases by:
2
3
∆Ekin = N1 hν = N1 k∆T
2

(1.1)

Thus the gas experiences a temperature rise:
∆T =

N1 hν
3
Nk
2

(1.2)

According to the ideal gas equation, this will cause an increasing of the gas pressure
p given by:
∆p =

N kB ∆T
V

(1.3)

where N is the total number of molecules, V is the cell volume and kB is the
Boltzmann constant.
In the model the spontaneous decay has been neglected, but obviously the energy
of the spontaneous emitted photons will not contribute to the creation of the
pressure wave and as a consequence the conversion will be less efficient than in the
previous case. Anyway, in roto-vibrational excitation of the molecules (IR region
of the electromagnetic spectrum), radiative emission do not play an important
role, because the radiative lifetime of vibrational levels (10−2 - 10−0 s) is long
compared with the time needed for collisional deactivation at ordinary pressures
(10−9 - 10−6 s), thus the total absorbed energy is released as heat. However, in the
case of electronic excitation, the emission of radiation may compete efficiently with
collisional deactivation. Figure 1.2 illustrates timescales for the radiative emission
and relaxation processes [2].
A typical photoacoustic apparatus is shown in Fig.1.1 and consists of [1]:
• a light source;
• a mechanical resonator;
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• a readout mechanims.
The light source is generally a diode laser or a quantum cascade laser, which are
able to provide large output powers from the visible to the IR and THz region of
the electromagnetic spectrum. To enhance the sound wave intensity, a mechanical
resonator such as a metallic cell is employed. However the recent introduction of
novel mechanical resonators such as tuning forks or cantilever systems made of
piezoelectric materials has had considerable success. After the production of the
sound wave we have to find a way to transduce the pressure wave in an electric
signal. The simplest solution is to use a sensitive microphone, instead, if the
acoustic wave forces the vibration of a fork or a cantilever a current signal can be
generated through the piezoelectric effect.
In the following, a more refined models of the phenomenon and detailed description
of PA setups will be provided.

1.2

Brief history of photoacoustic spectroscopy

The photoacoustic effect was discovered in 1880 by A. G. Bell [3]. In a paper
directed to the American Association for the Advancement of Science, while describing his work on the photophone, he said:

Figure 1.2: Timescales for the radiative and nonradiative processes. The
shaded area indicates the typical response time of a PA resonator equipped
with a microphone, while the thick line represents the acoustic transit time. The
wavy lines indicate the radiative emission and the horizontal lines the range of
relaxation processes characterized by the relaxation time W [2].
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Figure 1.3: Discovery of the photoacoustic effect by Alexander Graham Bell
[3]
“We find that, when a vibratory beam of light falls upon these substances,
they emit sounds, the pitch of which depends upon the frequency of the vibratory change in the light. We find, further, that when we control the form
or character of the light-vibrations on selenium (and probably on the other
substances), we control the quality of the sound, and obtain all varieties of
articulate speech. We can thus, without a conducting wire as in electric
telephony, speak from station to station wherever we can project a beam of
light.”
A. G. Bell

His photophone (Fig. 1.3) consisted in a mirror, a selenium cell and an electrical
telephone receiver. The rays of the sun were reflected from a mirror, which modulated the beam through the vibrations of a speaker linked to it. The beam was
then collected in a distant position by a parabolic reflector, in the focus of which
a sensitive selenium cell was placed. Since the resistance of selenium varies with
the intensity of light, the voice-modulated sunlight beam resulted in an electrically
reproduced telephonic speech.
One could say that the great milestones in the development of PA techniques have
been a result of the introduction of new high-performance light sources. They may
be summarized as follows:
• Soon after its discovery, the PA effect was almost forgotten and abandoned
for more than 50 years due to a lack of instrumentation, like suitable light
sources, microphone and electronics [4].
• In 1938 Viengerov introduced a PA system based on a blackbody infrared
source and a microphone in order to evaluate species concentrations in a gas
mixture [5] .
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• In the 1960s a great improvement of the PA techniques followed the invention
of laser sources with high power and monochromatic radiation. The first use
of the laser in an PA experiments is dated 1968, when Kerr and Atwood used
a pulsed tunable ruby laser to measure absorption bands of water vapor [6].
• In the 1970s and 1980s PA detection reached high sensitivities by using CO
and CO2 lasers.
• In the 90s, semiconductor diode lasers operated in the near-IR appeared to
be excellent sources for PA detection.
• Recently great interest is directed to new laser sources such as the quantum
cascade lasers (QCLs) [7], which are able to operate in the mid-IR and THz
range.
But sometimes great innovations also came from the development of new mechanical resonators. An example is the Quartz-Enhanced Photoacoustic Spectroscopy
(QEPAS), that is an innovative photoacoustic spectroscopic technique, in which
a tiny quartz tuning fork (QTF) is employed as acoustic detector, instead of the
conventional microphone.
In a QEPAS experiment, the acoustic pressure causes the mechanical oscillation of
the tuning fork, and, as a result, the production of electric charges on the surface
of the QTF via the piezoelectric effect (indeed quartz is a piazoelectric crystal).
The QTF used in these kind of apparatus are the inexpensive (< 0.15$ each),
mass-produced timing device used in watches and clocks. They usually have a
resonant frequency of 32768 Hz (i.e., 215 Hz), at which the two prongs move in
opposite directions (symmetric vibration). The antisymmetric vibration is piezoelectrically inactive and moreover it has a slightly different resonance frequency
[8]. A typical QTF has a quality factor Q ≈ 10, 000 at atmosferic pressure and
Q ≈ 100, 000 under vacuum condition. An extremely important feature of QEPAS
is its insensitivity to environmental noise. This occurs because:
• the QTF has high resonant frequency (32k Hz): indeed the ambient acoustic
noise decreases as 1/f and is low for frequencies above 10 kHz.
• The acoustic wavelength of a sound wave at 32 kHz in air is ≈ 1cm and is
longer than the spacing between the prongs (≈ 300um). Thus, the external
force experienced by the QTF tends to move the two prongs in the same
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direction and it only excites the piezoelectrically inactive mode of vibration,
which does not introduce noise in the PA signal.
• the high quality factor determines a width of the resonance lower than 4 Hz.
Hence, only frequency components in this narrow spectral band can produce
a vibration of the QTF.

Furthermore, there is no need to confine the gas, since the accumulation of acoustic
energy is in the detector, rather than in a resonant acoustic mode of a conventional
PA cell.
QEPAS was first proposed in 2002 by the group of prof. Tittel at the Rice University [9] and today is one of the most promising techniques for gas sensing.

1.3

Theory of the photoacoustic effect

The PA effect can be divided in three steps:
• Heat production in the sample due to the absorption and following relaxation
through molecular collisions of the modulated light;
• Acoustic and thermal wave generation as a result of localised heating and
consequent expansion;
• Detection of the acoustic signal.
In the first step, photons are absorbed by the material and internal energy levels
(rotational (R), vibrational (V), electronic (E)) are excited. The ground state is
reached after loss of energy by radiative (spontaneous or stimulated emission) or
nonradiative processes. In the case of roto-vibrational excitation, radiative emissions do not play an important role, because the radiative lifetimes are generally
long compared to the nonradiative ones and thus the absorbed energy is completely
thermally released, appearing as translational energy of the gas molecules.
In the second step, we observe thermal and sound waves generation, which can
be theoretically described by fluid dynamics and thermodynamics. The governing physical laws are the energy, momentum and mass conservation laws which
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Figure 1.4: Processes that occur during PA signal generation [2].

are given through in the form of the heat-diffusion, Navier-Stokes and continuity
equations, respectively.
The last step consists in the detection of the generated acoustic wave. The solution
to this problem depends on the type of the PA detector employed.
Fig.1.4 summarize the processes that occur during PA signal generation. This
section will provide a physical description of the generation of the photoacoustic
signal through the separate analysis of each of these steps [10, 11].

1.3.1

Absorption of light

The first step in the generation of the photoacoustic signal is the absorption of
energy from the modulated light beam. In the simple case of a two-level system
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with a ground state and an excited state of densities N and N 0 , respectively, we
can calculate N 0 using the following rate equation:
dN 0
= (N − N 0 )R − N 0 (R + Arad + Anrad )
dt

(1.4)

where Arad is the radiative decay rate of the excited state, Anrad is the nonradiative
decay rate due to collisions of the excited state and R is the excitation rate due
to the light beam. If we call Φ the flux of photons (# photons per unit area
and time [cm−2 sec−1 ]) and σ [cm2 ] the absorption cross-section: R = Φσ. In the
cases of interest, the modulation frequency of the light is slow (kHz range or less)
compared to the excited-state decay rate and thus N 0 evolves on time scales much
dN 0
slower than the atomic ones (i.e.
≈ 0 ). Furthermore, the light intensity
dt
is usually weak enough so that N >> N 0 and the stimulated emission from the
excited state can be neglected. Under these approximations (slow modulation and
weak light), eq. 1.4 becomes:
N0 =

NR
(Arad + Anrad )

(1.5)

or
N 0 = N Φστ

(1.6)

where τ = (Arad + Anrad )−1 is the lifetime of the excited state.
The heat source H [W/cm3 ] produced by the beam, due to the excited-state density
N 0 (which depends on position r and time t, because Φ is a function of r and t),
is given by:
H(r, t) = N 0 (r, t)Anrad E 0 = N Φ(r, t)στ Anrad E 0

(1.7)

where E 0 is the average thermal energy released in a nonradiative de-excitation.
Equation 1.7 contains the essence of the heat production term in most of the PA
experiments which use slowly modulated light beams: the heat-source term for the
PA signal is proportional to the molecular density N, to the photon absorption
rate Φσ, to the probability of nonradiative relaxation of the optically excited state
τ Anrad , and the heat energy released per de-excitation E 0 .
Eq. 1.7 is useful to understand the mechanisms behind the PAS but it is difficult
to use for the purpose of mathematical calculations. In this simple situation, we
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can rewrite it in the form:
H(r, t) = αI(r, t)

(1.8)

where I is the intensity of the light beam and α is the absorption coefficient, which
collect all the physical quantities relative to the gas under examination. If the cell
is full of a mixture a gases, the heat production will involve only the molecules
whose energy levels are in resonance with the laser beam. So α will given by:
Nabs
Ntot σ = cNtot σ
Ntot

α = Nabs σ =

(1.9)

where Nabs is the density of the absorbent molecules, Ntot is the total density of
molecules and σ is the absorption cross-section. We have called c the relative
concentration of absorbent molecules.
Before moving on, we want to underline that eq. 1.7 is only applicable if the
sinusoidal modulation (at frequency ω) of the optical beam is much slower than
the total decay rate τ −1 of the excited state. If this condition is not satisfied, then
dN 0
≈ 0, as it was done to obtain eq.1.5, but we may rewrite eq.
we cannot put
dt
1.4 as:
d
( + τ −1 )N 0 = N R
(1.10)
dt
where we have again assumed the absence of optical saturation, (i.e. we have
assumed N 0 << N or R << τ −1 ). We can neglect the constant part in eq. 1.10
since only the modulated heat-source term generates an acoustic wave (i.e. PA
signal). If the incident light flux is sinusoidally modulated Φ = Φ0 [1 + eiωt ] (note:
Φ has to be > 0), the solution of eq. 1.10 is:
N Φ0 στ

N0 = (p

(1 +

ω2τ 2)

)eiωt−ψ

(1.11)

where ψ = tan−1 (ωτ ) is the phase delay of the modulation of the excited-state
density compared to the optical excitation: ψ is large when the excited state decays
more slowly than the modulation rate of the light intensity. This shows that it is
not convenient to work with high modulation frequencies, because the excitation
system is less efficient than the previous case.
One can observe that in the limit ωτ → 0, eq. 1.11 reduces to eq. 1.5 and the
heat production term H corresponding to eq. 1.11 is again given by eq. 1.7.
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Generation of the acoustic wave

The next step in the theory is the generation of acoustic waves by the heat source
H(r, t) of eq. 1.7. We will derive the inhomogeneous equation that links the
acoustic pressure p and the heat source H following the method provided by Morse
and Ingard [12], although we will not enter in the detail of the proof.
Morse and Ingard described a model for the generation of an acoustic wave through
the use of the law of the fluid dynamics and thermodynamics. An ideal fluid is
considered and the effect of the gravitational force and the dissipative terms due
to viscosity are neglected.
The physical laws governing the system are the gas state equation (1.12), the equations of Navier-Stokes in the absence of viscosity (1.13), the equation of thermal
diffusion (1.14) and the equation of continuity (1.15).
p
CV
= (γ − 1)
T
ρ
M

(1.12)

∂v
= −∇p(r, t)
∂t

(1.13)

CV ∂T
∂p
+p ∇·v=
M ∂t
∂t

(1.14)

ρ

ρ

−

1 ∂p
= −∇ · v
ρ ∂t

(1.15)

where CV and CP are the specific heat at constant volume and pressure, γ =
CV /CP , M is the molar mass of the gas, v(r, t) is the velocity vector and Q is the
heat produced as a result of the nonradiative de-excitations of the gas molecules.
The physical quantities relative to the gas that characterise the PA processes
are temperature T , pressure p, density ρ and the three components of v. This
complex problem cannot be solved for a general case and some simplifications
must be included. For instance, changes of T , p and ρ induced by light absorption
are usually very small compared to their equilibrium values so that new variables
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can be introduced:
ptot (r, t) = p0 + p(r, t)
Ttot (r, t) = T0 + T (r, t)

(1.16)

ρtot (r, t) = ρ0 + ρ(r, t)
where p0 , T0 and ρ0 are the equilibrium value of pressure, temperature and density
respectively and p, T and ρ are the small additional terms arising from the sound.
In addition, the fluid is assumed to be at rest except for the motion due to the
presence of sound.
Removing the dependence on the temperature of eq. 1.14 through the use of eq.
1.12, substituting in the obtained equation the eq. 1.15 and derivating with respect
to time, with the use of 1.13, we obtain an inhomogeneous equation that links the
acoustic pressure p and the heat source H. This eq. can be written as:
∇2 p −

1 ∂ 2p
γ − 1 ∂H
=− 2
2
2
c ∂t
c
∂t

(1.17)

where c is the velocity of sound and γ is the ratio of specific heats of the gas (i.e.
γ = CP /CV ).
As it can be easily notice, eq. 1.17 has the form of a wave equation for the
pressure p, with the heat H as a source term. It is usually solved for a sinusoidal
modulation writing the Fourier transform of p in terms of normal acoustic modes
pj of the resonators which satisfy appropriate boundary conditions. Thus:
p(r, ω) =

X

Aj (ω)pj (r)

(1.18)

j

with the normal mode pj being solutions of the homogeneous wave equation:


ωj2
2
∇ + 2 pj = 0
c

(1.19)

and pj must satisfy the boundary condition: we require that the gradient of p
normal to the cell wall vanish at the wall, indeed it is proportional to the velocity
of the acoustic wave which equals zero at the wall. If we assume a cylindrical
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Figure 1.5: The first two longitudinal, azimuthal and radial eigenmodes of an
acoustic wave in a closed cylindrical cell. The light coloured areas represent the
nodes of the acoustic wave while the deep coloured (red or blue) areas represent
the antinodes of the acoustic wave.

geometry for the cell, the orthonormal modes are given by [12]:
pj (r, φ, z) = gj cos(mφ)cos(

kπz
αmn πr
)Jm (
)
L
R0

(1.20)

with a corresponding angular frequency ω, given by:
v"
u  2 
2 #
u k
a
mn
ωj = πct
+
L
R0

(1.21)

where gj is a normalization constant; L is the length and R0 the radius of the gas
cell; r, φ, z are the spatial coordinates in the cylindrical geometry; k, m, and n are
the longitudinal, azimuthal, and radial mode numbers; Jm is the Bessel function
dJm
= 0 at r = R0 .
of order mth; and amn is the nth solution of the equation
dr
Figure 1.5 shows the first two longitudinal, azimuthal and radial eigenmodes of an
acoustic wave in a closed cylindrical cell [13].
Hence requiring that the pressure gradient vanishes at the cell wall imply that the
acoustic pressure p(r, ω) can be expressed as linear combinations of eigenmodes pj
of the form of eq. 1.20 in this geometry. If the laser beam is directed along the axis
of the cylindrical PA cell and in the weak absorption limit, only the radial normal
modes can be excited by the heat source H(r, ω) and we only have to consider the
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radial normal modes:
pj (r) = gj J0 (

α0n πr
)
R0

(1.22)

with an angular frequency ω, given by:
ωj =

πcα0j
R0

(1.23)

Let us now return to eq. 1.18 e try to solve it for the Aj (ω) coefficients. We start
observing that the Fourier transform of eq. 1.17 is:


ω2
γ−1
2
∇ + 2 p(r, ω) =
iωH(r, ω)
c
c2

(1.24)

Substituting eq.1.18 into eq.1.24 and using the orthonormal conditions for the
eigenfunctions pj we can solve for Aj :
R
−iω[(γ − 1)/V0 ] p∗j HdV
Aj (ω) = 2
ωj [1 − (ω 2 /ωj2 ) − (iω/ωj Qj )]

(1.25)

where V0 is the cell volume, Qj is the quality factor for the acoustic mode pj ( and
p∗j is its complex conjugate), and the integral is over the volume of the cell. The
integral in the numerator represents the coupling between the heat source H and
the normal mode pj . The term with Qj has been included in eq. 1.25 to take into
account the mode damping and avoid the unreal condition Aj → ∞ as ω → ωj .
In order to show explicitly the dependence of the acoustic signal on the gas absorption and the light intensity, it is necessary to replace H using eq.1.8. Thus we
can write:

R
−iωα[(γ − 1)/V0 ] p∗j IdV
Aj (ω) = 2
ωj [1 − (ω 2 /ωj2 ) − (iω/ωj Qj )]

(1.26)

For the rest of the discussion we will consider the simple case of constant intensity
within the cell and perfect resonance (ω = ωj ). Under these conditions eq.1.26
becomes:
Aj (ωj ) =

(γ − 1)Qj αI
(γ − 1)Qj
S
=
αP
ωj V 0
ωj
V0

(1.27)

where P is the power of the laser beam and S is surface of the cell perpendicular
to the beam. Using eq.1.27 we can access to the basic physics of a PA cell. The
pressure amplitude is proportional to the absorption coefficient α, to the laser
power P , to the quality factor of the resonator Qj , to the ratio S/V0 , which is called
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effective cross section, and is inversely proportional to the working frequency ωj .
Thus, it is extremely important to use mechanical resonators with extremely high
Q-factor, but with very low frequency resonance. The Q of conventional PA cells
usually does not exceed 2 102 [14] and for this reason in recent years new types
of mechanical resonators have been introduced, capable of reaching Q-factor of
104 − 105 .

1.3.3

Detection of PA signal

In traditional PAS the acoustic wave is detected through the use of a microphone
generally placed in the antinode of one of the eigenmode of the cavity. This
microphone transforms the sound wave in an electric signal, which is proportional
to the amplitude of the wave. Thus we can write [2]:
S = Rm p(rm , ω)

(1.28)

where S is the electric signal [mV], p(rm , ω) [Pa] is the pressure of the acoustic wave
in the position of the microphone and Rm [mV/Pa] is the microphone responsivity.
The index m reminds that the analysis refers to the mth eigenmode of the cavity.
If the Q factor of the selected resonance is large enough, the contributions of the
other resonances to the PA signal can be neglected.
Usually, the presence of the microphone does not modify the acoustic modes of
the cavity, thus in perfect resonance (ω = ωj we can sobstitute eq. 1.27 into eq.
1.28:

(γ − 1)Qj L
pj (rm )αP
ωj V 0

(1.29)

S = Cm (ω)αP

(1.30)

S = Rm
that can be also written as:

where α is the absorption coefficient, P the laser power and Cm (ω) [V cm/W] is
called cell constant and it is given by:
Cm (ωj ) = Rm

(γ − 1)Qj S
pj (rm )
ωj V 0

(1.31)

The cell constant depends on the properties of the mechanical resonator (such
as volume, Q factor, etc.), on the frequency (and thus its value is different for
the different eigenmodes) and on the responsivity and position of the microphone.
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Therefore, its name may be misleading, indeed Cm describes the sensitivity of
the whole PA resonator at a given resonance frequency and thus characterizes the
complete measurement apparatus. If we remember that α = cNtot σ (see eq. 1.9),
we can express the electric signal S as:
S = Cm cNtot σP

(1.32)

As a consequence, through the measure of S we can finally obtain the concentration
of the gas as:
c=

S
Cm Ntot σP

(1.33)

Usually the cell constant is not theoretically calculated, but measured using a gas
mixture with a known concentration of the gas target. The minimum measurable
concentration is limited by the noise level on the signal. The sources of noise in
these types of measures are numerous and will be discussed in detail in the next
chapter. The minimum detectable concentration is:
cmin =

Smin
Cm Ntot σP

(1.34)

where Smin is fixed requiring that the signal S equals the noise. Thus, as expected,
to improve the sensitivity of the apparatus one has to enhance the optical power
and the cell constant (i.e. Q-factor, microphone responsivity, etc.) and reduce the
noise.

1.3.4

Influence of molecular relaxation rate in PA spectroscopy

The molecular relaxation rate is fundamental in photoacoustic spectroscopy. Indeed, the PA signal is the result of molecular absorption of photons and subsequent
deactivation of the excited roto-vibrational state via inelastic collisions with the
neighbouring molecules. But this deactivation depends on the relaxation rate,
thus the PA signal begins to decrease if the following condition is not satisfied:
ω τ << 1

(1.35)

where τ is the relaxation characteristic time of the gas under examination and ω
is the light modulation frequency.
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Molecular collisions cause different internal energy transfer of the molecules (V-V,
T-V, V-T, R-T, etc.), but the most important in PAS are those molecular relaxation which transform the excited roto-vibrational state into sample heating (i.e.
V-T and R-T). This rate can be considered as instantaneous in most cases, since
it is much faster than the period of the laser modulation and has no consequence
on the PA signal. But for example QEPAS employs laser modulations of about
32kHz which are very high in comparison with traditional PAS, thus there could
be problems with some particular gas mixtures.
Slightly modifying eq. 1.30, the dependence of the PA signal with respect to the
molecular relaxation time τ can be written as:
S=p

Cm αP
1 + (ωτ )2

(1.36)

where Cm is the cell constant, α is the absorption coefficient and P is the incident
optical power. The phase of the PA signal is given by tanφ = −ωτ . When
the relaxation process is fast enough, the condition ωτ << 1 is satisfied and
the PA signal is independent on the relaxation time and in phase with the laser
modulation. But when the relaxation process is slow (ωτ >> 1) the PA signal
becomes directly linear with the relaxation rate and phase shifted with respect to
the laser modulation:
S=

Cm αP −1
√ τ
ω

(1.37)

This demonstrate why in order to obtain a strong PA signal, one has to carry out
a careful analysis of the relaxation rate of the gas target.

1.4

PA signal generation in solids sample

In the previous sections the PA signal generation in gases has been presented.
Actually the PA was discovered in solid and applied to gases at a later time.
In photoacoustic spectroscopy of solids [15, 16] the sample under examination is
placed inside a closed cell and then illuminated with modulated light at acoustic
frequencies with high peak power. This leads to an instantaneous adiabatic expansion of the medium, which generate pressure pulses that propagate through the
sample at the speed of sound. Indeed while in a gas the absorbed energy appears
as kinetic energy of the gas molecules, in a solid it appears as vibrational energy
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Figure 1.6: Diagram of a photoacoustic imaging system for small animals in
a circular or cylindrical scan and cross-sectional photoacoustic image of a rat
brain. [17]

of ions or atoms (phonons). These pulses can be detected directly at a boundary
of the sample by piezoelectric transducers, optical methods or by conventional PA
microphones. As in other PA techniques, the signal amplitude depends linearly
on the excitation energy and the absorption coefficient of the sample.
One of the principal advantages of PAS over other spectroscopy techniques of
solid state matter is that it provides the possibility to obtain spectra similar to
optical absorption spectra on any type of solid or semi-solid material, whether
it be crystalline, powder, amorphous, etc. This occurs because in PAS only the
absorbed light is converted to sound and the scattered light, which represent a
serious problem when dealing with many solid materials, does not contribute to
the PAS signal. In addition, it has been found experimentally that good optical
absorption spectra can be obtained on materials that are completely opaque to
transmitted light and that PAS could have very strong potential not only in the
study of bulk optical properties, but also in surface analysis.
PAS has already found some important applications in research and analysis of inorganic, organic, and biological solids and semisolids. One of the most interesting
application is the use of the PA effect as an imaging technique in biomedicine [17].
In photoacoustic imaging, non-ionizing laser pulses are delivered into biological
tissues. Some of the delivered energy will be absorbed and converted into heat,
leading to transient thermoelastic expansion and thus wideband (MHz range) ultrasonic emission. The generated ultrasonic waves are then detected by ultrasonic
transducers to form images. Photoacoustic imaging combines ultrasonic resolution
with high contrast due to light, or RF, absorption. Unlike ionizing x-ray radiation, nonionizing waves is not dangerous for health. Figure 1.6 shows a diagram
of photoacoustic imaging system for small animals and an example of PA image.

Chapter 2
Quartz Enhanced Photoacoustic
Spectroscopy (QEPAS)
2.1

Piezoelectric effect

The piezoelectricity is the direct conversion of mechanical stress to electrical charge
and vice versa in non-centrosymmetric crystals (quartz (SiO2 ), tourmaline, etc.).
Curiously the phenomenon of piezoelectricity was discovered in the same year in
which Bell was starting to investigate the photoacoustic effect. Indeed in 1880
Pierre and Jacques Curie found that some crystals when compressed in certain
directions show positive and negative charges on some portions of the surface.
These charges were proportional to the pressure and disappeared when the pressure
ceased [18] .

2.1.1

Direct and converse piezoelectric effect

Actually, it is more accurate to talk about direct and converse piezoelectric effect
[19]. The direct piezoelectric effect is the change of electric polarization of a crystal
due and proportional to the strain to which the crystal is subjected. A material is
said to be piezoelectric if the application of an external mechanical stress gives rise
to a dielectric displacement, which manifests itself as internal electric polarization.
The piezoelectric effect strongly depends on the symmetry of the crystal and it
can not be produced if the crystal has a center of symmetry.
19

20

Chapter 2. QEPAS

Figure 2.1: Direct and converse piezoelectric effect [19].

Instead, one could define the converse (reciprocal, inverse) effect as a property of
a crystal to become strained if an external electric field is applied. Both effects
are the manifestation of the same fundamental property of the non-centric crystal.
The term direct is used for the first effect only for historical reasons.
Let us consider a slab of quartz. We assume that its thickness is small compared
with the other dimensions. We subject this plate to a pressure parallel to the
thickness. If a compressional force F is used, the polarization P parallel to the
thickness will be proportional to the stress F/A. In turn, the piezoelectric polarization generates charge on electrodes covering the surface A proportional to the
force causing the strain. If we apply a force in the opposite direction, the sign
of pressure is reversed and the one of the polarization reverses too. In the same
way, when an electric field E is applied along the thickness of the plate, the quartz
slab is deformed. This deformation changes sign when the polarity of the field is
reversed (Fig.2.1). A mathematical description of the piezoelectric effect could be
provided representing the properties of crystals by tensors and matrices [20].

Direct piezoelectric effect
In the crystal reference frame, a state of stress is specified by the second-rank
tensor σij with nine components (i, j = 1, 2, 3), while the polarization of a crystal
Pi , being a vector, is specified by three components. In the direct piezoelectric
effect, it is found that when a general stress acts on a piezoelectric crystal, each
component of the polarization is linearly related to all the components of σij .
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Thus, the general relationship between Pi and σij is
Pi = dijk σjk

(2.1)

The dijk are called piezoelectric moduli and form an example of a third-rank tensor
(with 27 components). To show the meaning of eq. 2.1, let us consider an uniaxial
tensile stress given by σ11 applied to the crystal, the resulting polarization has
components:
P1 = d111 σ11 ,

P2 = d211 σ11 ,

P3 = d311 σ11

(2.2)

So, in principle, by measuring P1 , P2 and P3 , the values of d111 , d211 and d311 might
be found.
It is possible to demonstrate that dijk is symmetrical in j and k [20]. Therefore,
only 18 of the 27 component of dijk are independent. This gives the possibility to
use a more concise notation known as the matrix notation:
Tensor notation

11

22

33

23,32

13,31

12,21

Matrix notation

1

2

3

4

5

6

Thus, for instance, we define d21 = d211 and so on. For consistency, if we make
the same change in the notation for the stress components, the relation 2.1 can be
rewritten as:
Pi = dij σj

(i = 1, 2, 3; j = 1, 2, ..., 6)

(2.3)

Converse piezoelectric effect
Let us consider now an electric field applied in a piezoelectric crystal. As said
before, the shape of the crystal changes slightly (converse piezoelectric effect).
It is found that there is a linear relation between the components of the vector
electric field Ei within the crystal and the components of the strain tensor ij ;
which describe the change of shape. Moreover, the coefficients connecting the
field and the strain in the converse effect are the same as those connecting the
stress and the polarization in the direct effect. Explicitly:
Pi = dijk σjk
Ei = dijk jk

(2.4)
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The proof of this equality of the coefficients is based on thermodynamics.

Piezoelectric moduli of crystals with a centre of symmetry
Suppose that a crystal with a centre of symmetry were subjected to a general stress
and became polarized. Now imagine that the whole system, crystal plus stress, is
inverted through the centre of symmetry. The stress, which is centrosymmetrical,
will be unchanged and the same will happen to the crystal, instead the polarization
will be reversed in direction. Therefore we have the same crystal under the same
stress, but with the reverse polarization. This situation is consistent only if the
polarization is zero. In fact, tensor transformation properties imply that, under
inversion-center symmetry, all odd-order tensors vanish. Hence, a crystal with a
centre of symmetry can not be piezoelectric.
This observation will be extremely important in Chap. 5, when we will discuss
the piezoelectric property of a graphene sheet, in which it is always possible to
determine a centre of symmetry.

2.1.2

Piezoelectricity of quartz

The properties of the piezoelectric material desired in applications for sensing
could be summarized as:
• low production costs;
• high piezoelectric coefficients (which means high sensitivity);
• high mechanical resistance and stiffness;
• high time stability of material properties.
Definitely, quartz is the perfect candidate. Indeed this material is inexpensive
(is the second most abundant mineral in the Earth’s continental crust), mass
produced and it has the required mechanical characteristics. Quartz is practically
not soluble in water and it is resistant to the most acids and bases. The melting
point is 1710 ◦C and the density is 2649 kg/m3 at room temperature.
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Figure 2.2: Quartz crystal structure: (a) left-handed, (b) right-handed. Coordinate system is drawn with respect to the crystallographic axes

Quartz belongs to the point class 32 and it exists in two crystal forms: right-handed
and left-handed crystals. The name of the two form is due to their optical activity:
right-handed quartz rotates the plane of linearly polarized light propagating in
the optical axis direction clockwise while left-handed quartz crystal does it in the
opposite direction. They differ by the position of the crystal trapezoidal faces. As
usually, the coordinate z-axis is chosen in the direction of the optical c-axis.
The measured values of the dij for right-handed quartz are:

d11

-d11

0 d14

0

0

0

0

0

0

0

0

0

-d14

-2d11

0

0

0

where d11 = 2.3 10−12 C/N and d14 = 0.67 10−12 C/N .

2.2

Mechanical and electrical properties of a
Quartz Tuning Fork (QTF)

Generally, QEPAS experiments employ the same QTF that we can find in every
clock or watch. The geometry of these QTFs is depicted in Fig. 2.3 and 2.5 [14,
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Figure 2.3: (a) Side view of a quartz tuning form. (b) Scanning electron
microscope image of a quartz tuning fork [21].

21]. Traditional QTFs have a resonant frequency of 32 768 Hz (i.e. 215 Hz) and
their prongs have a length of 3.2 mm, a width and a thickness of 0.33 mm and
the space between them is 0.3 mm. Usually metallic layers (made of chromium
or gold) are deposited on the fork as electrodes to collect the electrical charges
induced by the mechanical deformation and whose position has been chosen to
increase the piezoelectric signal.
It is important to underline that the design of these QTFs has been optimized for
timing and not for sensing application. Recently in order to develop a QEPAS
apparatus for radiation from a THz quantum cascade laser, custom QTFs has
been employed with the same geometry of the standard one, but about 6 times
bigger, in order to enhance the piezoelectric signal and allow an easier alignment
of the optical system. These forks have resonances in the 4-200 kHz range [22].
A QFT can be modelled both as an RLC circuit and as a dumped oscillator. The
two models allow us to look into the electrical and mechanical properties of a QTF
respectively and are connected because the driving mechanical force is proportional
to the electromotive force. Fig. 2.6 shows the schematic of the circuit used to
characterize the QFT, while Fig. 2.8 and tab. 2.1 offer a comparison between
the two model. It is possible to notice that the the electrical model differs from
the damped oscillator by the presence of a capacitor Cp in parallel to the RLC
series, which accounts for any parasitic capacitance from electrical contacts and
connecting wires.
The conductance of the circuit (i.e. the reciprocal of the impedance) is:
Y (ω) =

1
+ iωCp
R + iωL + 1/iωC

(2.5)
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Figure 2.4: QEPAS experiments employ the same QTF that we can find in
every clock or watch.

Figure 2.5: Schematic of a quartz tuning fork. Each prong has dimensions w0
x y0 x t0 . Inset: a top view of the tuning fork with the electrical configuration
for the electrodes A and B [14].
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Figure 2.6: Schematic of the circuit used to characterize the QFT [14].

Figure 2.7: Measured frequency response (both phase and amplitude) of a
QTF at atmosferic pressure. The output current of a QTF is tipically of tens
of nA [23].

Figure 2.7 shows the measured frequency response (both phase and amplitude) of
a quartz tuning fork at atmosferic pressure [23]. From eq.2.5 it can be noticed
that at resonance the circuit acts as a pure resistance (the term which contains
Cp can be neglected) and the current is maximum. Current through Cp breaks
the symmetry of the frequency response curve, causing a noticeably asymmetric
resonance response, i.e. an antiresonance (minimum in the current) at a frequency
just above the resonance. Anyway, if we use a transimpedance amplifier with
feedback resistor Rf = 10 M Ω to acquire the piezoelectric signal, Cp becomes
negligible, because the feedback maintains a zero voltage difference between the
QTF electrodes. Under this condition, the circuit is simply a RLC series, thus the
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resonant frequency of the QTF is given by:
1
f0 =
2π

r

1
LC

(2.6)

the Q factor is:
1
Q=
R

r

L
C

(2.7)

while, as said before, the impedance equals the resistance R. In Fig. 2.7 the
anti-resonance is clearly seen above the resonant frequency at:
r
fa = f0

1+

Cp
C

(2.8)

When the frequency of the driving source is far from the resonant frequency, the
electrical model is dominated by the capacitance Cp , resulting in a conductance
of Y (ω) = iωCp .
The quality factor of a QTF is usually on the order of tens of thousands (≈ 105
in vacuum and ≈ 104 at atmosferic pressure). On the other hand QFTs are
not appropriate for a liquid medium because the motion of the prongs generates
longitudinal waves in the liquid, dissipating much of the energy stored in the
resonator, and hence leading to a quality factor of order 1. Furthermore, because
there is a potential difference between the electrodes, which are necessarily in
contact with the liquid, there could be electrochemical reactions if the solutions
have high ionic content.

Figure 2.8: Mechanical and electrical model of a QTF. To identify the correspondence between the models, one has to take into account that the resistance
represents the acoustic losses in the material and its environment, the inductor
represents the mass of the resonator, and the capacitor represents the stiffness
of the equivalent spring.
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Mechanical

Electrical

γ (damping)
M (mass)
k (stiffness)
x (displacement)
ẋ (velocity)
M ẍ + hẋ +√kx = F
Q = 1/hp kM
ω0 = 1/ k/M

R (resistance)
L (inductor)
1/C (capacitance)
q (electric charge)
i = dq/dt = q̇ (current)
Lq̈ + Rq̇ + p
q/C = U
Q = 1/R L/C
√
ω0 = 1/ L1 C1

Table 2.1: Summary of the equivalent quantities between the mechanical and
electrical models of a QTF. Typical values are CP = 5pF and C = 0.01pF ,
yielding an inductance value L in the kH range and the resistance in the tens
of kΩ range. A unique property of quartz resonators is such a huge equivalent
inductance in a tiny volume.

The electric noise measured at the transimpedance amplifier output at the resonant
frequency f0 is mainly determined by the thermal noise of QTF (i.e. the thermal
noise of the equivalent resistor R):
r
q
4kB T ∆f
hVN2 i = Rf
R

(2.9)

p

hVN2 i is the noise rms voltage, ∆f is the detection bandwidth (assuming
π f0
∆f <<
, the QTF bandwidth) and T is the QTF temperature. The feedback
2Q
p
resistor Rf also introduces noise with a spectral density 4kB T Rf , which should
p
be added to the QTF noise in quadrature. However, it is Rf /R ≈ 100 times
where

lower than the QTF noise and can be neglected [24]. The measured noise level is in
the 9–11 µV range, in agreement with the theoretically estimation [25]. Thus, as
we will underline in the next chapter, the fundamental detection limit of a QEPAS
apparatus is very high.
To determine the electrical parameters of the QTF, it is necessary to apply an ac
voltage V to the equivalent circuit in Fig.2.6 and scanning the frequency f = ω/2π.
The resonant frequency f0 will correspond to the maximum of the I(f ) function,
where I is the QTF measured current. The equivalent resistance R can be obtained
simply by:
R=

V
I(f0 )

(2.10)
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Figure 2.9: Model of the motion at its first and third flexion resonance and
first torsion modes of a QTF and relative resonant frequencies [21].

the Q-factor as:
Q=

f0
∆f√2

(2.11)

√
where ∆f√2 is the width of the I(f0 ) curve where I = I(f0 )/ 2 level. As a
consequence, all the other parameters of the fork can be determined too [26].
Vibrational modes of a QTF
The vibrational modes of a QTF are generally divided in flexural and torsional
(Fig. 2.9 [21]). The flexural modes take place in the x-y plane (in-plane vibrations),
while the torsional ones involve a rotation of the prongs around the z-axis. In the
following we will consider only the flexural modes, because they are those mostly
excited by the PA effect.
The QTF is usually viewed as two identical cantilevers coupled by a low-loss
quartz bridge. The normal mode vibrations of the two prongs can be classified
as in phase (symmetric) and out of phase (antisymmetric). The first flexural two
eigenstates are antisymmetric modes in which the oscillation of the two prongs
opposes one another and a symmetric ones in which they oscillate together in
unison (Fig.2.10 [27]). In the limit of zero coupling between the two bars, these
two modes have degenerate eigenfrequencies. Coupling produced by the low-loss
quartz bridge splits this degeneracy, pushing the antisymmetric eigenfrequency
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Figure 2.10: First three in-plane vibrational mode of QTF. (a) antisymmetric
mode (b) symmetric mode (c) third in-plane vibrational mode. Adapted from
[27].

above its symmetric counterpart (about 4 kHz, thus it has a resonance at around
≈ 28kHz) [8, 23].
The resonant frequencies of the QTF can be calculated in the approximation of
independent cantilever vibrating in the in-plane modes. We will consider each
prong of the tuning fork as a clamped beam. We will assume that the two beams
have an elastic response, thus, when an applied force is removed, they will return to
its original shape. Furthermore we will suppose that the elastic modulus, inertia
and cross sectional area are constant along the beam length. According to the
Euler-Bernoulli approximation, the description of that vibration is given by the
following 4th order differential equation:
EI

∂ 4y
∂ 4y
(x,
t)
+
ρA
(x, t) = 0
∂x4
∂t4

(2.12)

where ρ is the density of the material, E the Young modulus of the material, t
is the time, A = w0 y0 , I is the inertia and x and y directions in the plane of the
QTF (a detailed description can be found in [28, 29]).
To determine the boundary conditions of this differential equation, we shall consider that the fixed end of the QTF must have zero displacement and zero slope
due to the clamp, while the free end cannot have a bending moment or a shearing
force (free-clamped boundary conditions). The general solution is a combination
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n

fn (Hz)

1.194
2.988
5

31978
200263
560764

Table 2.2: n values and resonant frequencies fn for a standard QTF fork.

of trigonometric function:
cos(kn y0 ) cosh(kn y0 ) = −1

(2.13)

where kn are the wavenumbers related to the eigenfrequencies fn , which are given
by:
πK
fn = 2
8y0

s

E 2
n
ρ

(2.14)

1
ρA
where K = √ w0 and n = ( ωn2 )1/4 . The first three solutions of eqs. 2.13 and
EI
12
2.14 are shown in tab. 2.2.
Vibration of a QTF in a fluid medium
Let us consider now a QTF vibrating in a fluid medium (i.e. a gas). The vibration
will induce a motion of the fluid, and thus the QFT will experience an energy loss
(part of the energy is tranfered to the fliud) and an additional inertia. Therefore
we can model this situation adding a reaction force of the fluid made of two terms:
a resistive term (which leads to energy dissipation by acoustic loss) and a reactive
term (which gives rise to the additional inertia of the QTF). In these conditions,
eq. 2.12 becomes:
EI

∂ 4y
∂y
∂ 4y
(x,
t)
+
C
(x,
t)
+
(ρA
+
u)
(x, t) = 0
d
∂x4
∂t
∂t4

(2.15)

where Cd is the damping parameter, which accounts for energy loss and u is an
added mass per unit length.
If the damping is small and u << ρA, it can be shown that the presence of the fluid
causes a shift of resonance frequency ∆f with respect to the vacuum conditions
[29] :
∆f
1 u
=−
f0
2 ρA

(2.16)
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In these condition, since the added mass is proportional to the density ρ0 of the
gas, which in turn is proportional to the pressure, ∆f varies linearly with gas
pressure.
On the other hand, the energy dissipation by means of an acoustic loss in the fluid
influences negatively the Q-factor of the QTF. Assuming that the resonator is
isolated from other objects and that the fluid damping parameter can be expressed
as:
Cp ∝

p
P µ0

(2.17)

where µ0 is the viscosity of the fluid and where we have applied the linearity
between the density and the pressure in a gas.
We can express the total energy loss 1/Q at the gas pressure P as:
1
1
1
=
+
Q(P )
Q0 Qa

(2.18)

where 1/Q0 is the internal mechanical loss of the resonator in vacuum, which
depends only on the internal losses and the factor 1/Qa is due to the acoustic
losses. Hence the influence of fluid damping on the Q can be expressed in terms
of the energy loss 1/Q(P ) at a gas pressure, P:
Cp =

1
1
1
−
=⇒ Cp =
Qa
Q(P ) Q0

(2.19)

By using eq.2.17, Q(P ) can be described as:
Q(P ) =

Q0
√
1 + Q0 a P

(2.20)

where a is a coupling costant, which is usually experimetal measured.
Thus, since the QEPAS signal is proportional to the quality factor, the sensitivity
of the apparatus is a function of the sample pressure.
Actually the situation is more complicated and this dependence is influenced by
several parameters:
• The density of the gas and therefore the number of molecules which contributes to the QEPAS signal rises at higher pressure.
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• The Q factor of a QTF decreases rapidly with increasing pressure. As said
before, this is due to acoustic energy losses by the presence of a damping
fluid;
• V-T relaxation rates are faster at higher pressures, and thus the generation of
the acoustic wave is more efficient. This is in competition with the opposite
trend of the Q-factor;
It is usually difficult to predict the best working condition, which can vary widely
depending on the gas used. Thus in a QEPAS experiment it is necessary to
calibrate the sensor in order to enhance the PA signal. Anyway, at high pressure
one could experience the merging of closely spaced absorption lines of the gas and,
as a consequence, it is preferred to work at a pressure smaller than ≈ 100 Torr.

2.3

Piezoelectrical properties of a quartz tuning
fork

For small amplitude of oscillation, the charge q(t) generated on one of the prongs
is linearly proportional to the amplitude of oscillation u(t) of the prongs because
of the piezoelectric effect of quartz through the couping constant α [C/m]:
q(t) = 2αu(t)

(2.21)

where we have introduced a factor 2 because each prong contributes equally to the
charge q. Deriving with respect to time we can write:
I(t) = 2αv(t)

(2.22)

where I(t) is the current in the QTF and v(t) is the velocity of the end of the
prongs. We will assume a sinusoidal temporal shape for both the change and the
displacement (this is true is the case of sinusoidal modulation of the laser used for
QEPAS measurements):
q(t) = q0 sin(ωt),

u(t) = u0 sin(ωt) =⇒ I(t) = I0 cos(ωt),

v(t) = v0 cos(ωt)
(2.23)
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where q0 is the maximum generated charge, u0 is the maximum displacement of
the prongs. Hence we can find the maximum piezoelectric current in the QTF
I0 = ωq0 and the maximum velocity v0 = ωu0 . Thus, eq. 2.22 can be rewritten as:
I0 = 2αωu0

(2.24)

Therefore, if we know the coupling constant α, we can determine the maximum
displacement of the prongs from the maximum piezoelectric current.
It is not easy to determine α from the knowledge of the piezoelectric moduli of
quartz. Indeed one has to take into account both the direction of the crystal
axis and the specific geometry of the tuning fork. An experimental value of α is
usually preferred. Obviously, to obtain α an independent measure of the amplitude
of oscillation of each prong and the current in the tuning fork is required.
Once the coupling constant α of a QTF has been determined, the electrical parameters L, C, R of the tuning fork can be related to the mechanical properties
M ,k,γ using the following relations [23]:
M = L2α2 ,

k = 2α2 /C,

γ = 2α2 R

(2.25)

Recently, it has been proposed and shown that QTF can be used with great
advantage as force detectors in scanning probe microscopes (SPMs) and atomic
force microscope (AFMs) [23]. A QTF has two main advantages when compared
to a conventional silicon microcantilever: an high Q-factor and an high stiffness,
which is on the order of 103 N/m. The high quality factor allows the tuning fork
to detect subhertz shifts in the resonant frequency and makes them sensitive to
piconewton (pN) shear and normal forces. The high stiffness prevents the jump to
contact of the tip when it approaches the substrate. Moreover, the piezoelectric
effect of quartz crystals is extremely useful in tapping-mode measures: in fact a
QTF can simply be excited to vibrate by applying an ac voltage to its electrodes.
To be useful as a force sensor, a sharp probe tip has to be attached to the end of
one prong. A QTF used in a SPM is shown in Fig.2.11.
To measure the tip-substrate interaction force accurately, it is critical to calibrate
the oscillation amplitude of a prong. In other words one has to measure the
current-displacement (I-d) characteristic of the QTF. It is usually done through
interferometric techniques. An experimental example of this kind of calibration is
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Figure 2.11: A SEM image illustrating the placement of a SPM microcantilever on one end of the tuning fork prong. On the right a schematic of the
system is provided. Adapted from [23].

Figure 2.12: (a) The oscillation amplitude of each prong of a QTF. The
current flowing through the fork as a function of drive frequency is also plotted.
(b) Point-by-point determination of the coupling constant α. (c) A histogram
plot of the piezoelectromechanical coupling constant deduced from these data.
A Gaussian fit enables a reliable estimate for the coupling constant. [23]
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shown in Fig. 2.12 [23]. It can be observed that the displacement of the prongs
does not exceed 30-40 nm. Furthermore a simultaneous measure of both the current and the displacement allows to calculate the piezo-electromechanical coupling
constant α, simply comparing the sum of the measured oscillation amplitude from
each prong to the current through the QTF:
α ≈ 5µC/m

2.4

(2.26)

Diapason configuration in photoacoustic setups

Briefly in a QEPAS experiment one has to focus a laser beam between the two
prongs a QTF and excite their vibration through the PA effect. It seems straightforward, but actually several experimental configurations for the QTF are possible
and the choice often depends on the required sensitivity and on the quality of the
light source.
The problem was dealt for the first time by the group of Kosterev and Tittel
in 2002 [9] (see Fig. 2.13 for a sketch of their experimental apparatus), which
compared QEPAS response for the three configurations in Fig. 2.14. The best
results were given by 2.14 (c), in which an acoustic resonator made from stainless
steel capillary tubing was added to enhance the signal.
In the following years, other innovative configurations were proposed. In this
section we will try to review to the the most important ones, trying to point out
the merits and defects.

Figure 2.13: Experimental QEPAS setup used by Kosterev et al. [9].
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Figure 2.14: Optical configurations for QEPAS detection compared by
Kosterev et. al [9]. (a) The laser beam is perpendicular to the TF plane.
(b) The laser beam is in the TF plane. (c) An acoustic resonator (sound tube)
is added to enhance the signal. The laser beam is directed through the tube.

2.4.1

On-beam QEPAS

On-beam QEPAS is the most common and usually more efficient configuration
for a QTF. As depicted in Fig. 2.15 the laser is focused between the prongs of
the QTF, in order to excite their vibration. Theoretical and experimental studies
have demonstrate that the QTF response is higher when the focal spot is centred
between the TF prongs and positioned 3.3 mm above the quartz bridge that hold
them together (i.e. a little above the end of the prongs, which are 3.2 mm long)
[14, 30].
In analogy with traditional PAS cell, a pair of tubes can be introduced as an
acoustic micro-resonator (mR) to enhance the acoustic signal (Fig. 2.15). The
coupled system consisting of a QTF and a mR is called spectrophone or Acoustic
Detection Module (ADM). The two tubes are positioned beside the prongs of the
QTF with a small gap between them (≈ 30 − 50 µm). The light propagates
through the two tubes and interacts with the gas. If the generated acoustic wave
is resonant with the tubes by properly selecting their dimensions, an enhancement
of about 30 times in the QEPAS signal can be achieved [24].
To find the desired characteristic of the tube we can assumed that the two parts of
the mR (left and right tubes) can be considered in a first approximation as a single
tube and thus we neglecting the gap and the QTF between them [26]. On this
assumption, in order to have an antinode of the acoustic wave in correspondence
of the QTF each tube should have a length l ≈ λs /4, where λs is the sound
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Figure 2.15: Schematic of an on-beam QEPAS configuration. Usually two
micro-resonator tubes are employed to enhance the PA signal. Adapted from
[14]

wavelength in the gas. The whole system will form a half-wave resonator (Fig.
2.16 (a)).
However, experimental studies have shown that the detected signal in a mR is
much stronger when l ≈ λs /2, suggesting that the gap between the tubes is big
enough to make them almost independent (Fig. 2.16 (b)). Serebryakov et. al
have measured the QEPAS signal systematically varying the length of the tubes
and have demontrated that the optimum length is actually between λs /4 and λs /2
(Fig. 2c) because of the interaction of two resonator tubes and acoustic coupling
to the QTF [31].

2.4.2

Off-beam QEPAS

Even if it provides the best coupling between the photoacoustic wave and the
QTF, the on-beam QEPAS has several disadvantages:
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Figure 2.16: Acoustic resonance in two tubes: (a) stuck together without
gap; (b) separated by a large gap so that there is no acoustic coupling; (c)
intermediate case—two acoustically coupled tubes with a quartz tuning fork
between them; l is the length corresponding to acoustic resonance in the system,
and P is the acoustic pressure. [31]

• The gap between the QTF prongs is only ≈ 300µm wide and this limits the
inner diameter of the mR and the size of the laser beam that passes through
the tubes;
• It is difficult to align the system;
• The resonant acoustic wave condition is not exactly obtained;
In 2010 Liu et. al have proposed an alternative configuration, which was called by
the authors “off-beam QEPAS”. In this second configuration the mR is a single
tube with a small opening in the middle, and a QTF is coupled to the mR by
putting it outside the mR tube near the opening (Fig. 2.17). The length of the
tube determines the longitudinal modes of the acoustic wave and thus the position
of the acoustic pressure antinodes. In this technique, to maximize sound energy
coupling, the distance between the mR and the QTF must be optimized too, a long
distance will decrease the acoustic coupling, while a short distance will dampen
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Figure 2.17: Schematic of an off-beam QEPAS configuration [14].

the QTF vibration because of the damping due to the air layer between the QTF
and mR, which, as a consequence, reduces the Q factor. The off-beam-QEPAS has
some advantages such as an easier alignment and more flexibility in the selection
of QTF but, generally, the acoustic coupling is much weaker than in the previous
case.

2.4.3

Quartz-Enhanced Evanescent-Wave PAS

In spite of the introduction of off-beam QEPAS, one of the most problematic
feature of QEPAS still remains the alignment of the apparatus: it is not easy to
focus an invisible IR radiation in the ≈ 300 µm wide space between the prongs of
a QTF without touching it. In 2012 Cao et al. have proposed an evanescent-wave
PAS (EPAS) method based on tapered optical micro/nano fibers (OMNFs) for PA
generation, with the aim of eliminating every optic element in the apparatus.
The idea is to launch the laser light into a fiber, which is positioned between
the prongs of a QTF (Fig. 2.18). By reducing the fiber diameter down to wavelength or sub-wavelength scale, a considerable portion of light power will fall in the
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Figure 2.18: Quartz-enhanced evanescent-wave PAS configuration with a tapered optical micro fiber [14].

evanescent field. This evanescent wave interacts with sample gas and generates a
localized acoustic pressure wave via photoacoustic effect, which can be detected
by a high sensitive acoustic transducer such as a QTF to address the gas concentration information. As light propagates along the fiber, no extra collimating or
focusing devices are needed. It is important to underline that only a very small
part of fiber has to be tapered for high sensitivity gas detection because the QTF
is only ≈ 300µm thick.

2.5

QEPAS signal acquisition techniques:
Amplitude Modulation (AM) and
Wavelength Modulation (WM)

The simplest way to acquire a QEPAS signal is through the so called Amplitude
Modulation (AM) acquisition technique. It consists of the generation of the PA
signal by means of the modulation of the optical power of the laser. A localized
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acoustic wave is produced with the same frequency due to PA effect and the signal
is detected at the first harmonic (i.e. same frequency of the light modulation).
However to acquire the QEPAS signal, it is usually preferred a technique known
as Wavelength Modulation (WM), in which the wavelength of the laser source is
tuned to the absorption line and scanned across it periodically. Compared with
the AM, the WM can efficiently reduce the background noise and increase the
sensitivity of the apparatus.
To modulate the laser wavelength, a sinusoidal current is injected into the laser, but
for a semiconductor laser, this will simultaneously result in both the modulation
of the wavelength (WM) and of the optical power (AM). Thus the WM technique
has still an AM component, which creates as an undesired residual signal, which
is called Residual Amplitude Modulation (RAM) and can have important effects
on the shape of the signal.
A description of the WM could be provided considering the instantaneous frequency of the laser source:
ν(t) = ν0 − ∆ν cos(ωt)

(2.27)

where ν0 is the optical carrier frequency and ω = 2πf is the angular frequency of
the current modulation. As said before, a modulation of the laser intensity will
be experienced too, thus:
I(t) = I0 + ∆I cos(ωt)

(2.28)

where, ∆I is given by the power-current characteristic of the laser and will be
assumed constant over the wavelength scan. Since ∆ν is usually small, it is possible
to expand the absorption coefficient α(ν(t)) around ν0 :
∂α
α(ν(t)) = α0 +
∂ν

1 ∂ 2α
∆ν cos(ωt) +
2 ∂ν 2
ν=ν0

(∆ν)2 cos2 (ωt) + O((∆ν)2 ) (2.29)
ν=ν0

where α0 represents the background absorption. In the limit of little absorption
of the laser light (always true in QEPAS), we can write the Lambert-Beer law as:
Iabs (L, t) = I(t)e−α(ν(t))L ≈ I(t)[1 − α(ν(t))L]

(2.30)
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and substituting in this eq. the expression of I(t) and α(ν(t)) of eqs. 2.28 and
2.29:


∂α
Iabs (L, t) = [I0 + ∆I cos(ωt)] 1 − L α0 +
∂ν

∆ν cos(ωt)
ν=ν0

1 ∂ 2α
+
2 ∂ν 2

2

2



(∆ν) cos (ωt)
ν=ν0

(2.31)
where we have named L the effective absorption length in which an acoustic wave
detectable by the QTF is produced. L is very similar to the thickness of the QTF.
In eq. 2.31 one can recognize both a signal component at the fundamental frequency ω and a second harmonic component at frequency 2ω. If we call them S1ω
and S2ω respectively, we may write:
S1ω = ∆I L α0 − L

S2ω = −∆I L

∂α
∂ν

∆ν +
ν=ν0

∂α
∂ν

∆ν

(2.32)

ν=ν0

1
∂ 2α
I0
2
∂ν 2

(∆ν)2

(2.33)

ν=ν0

Thus the background absorption contributes to S1ω , but not to S2ω .
Actually in a QEPAS an additional slow ramp-shaped modulation at frequency
Ω is added to the wavelength of the laser to scan the absorption line of the gas.
Therefore it would be more correct to write:
ν(t) = ν1 − ∆ν cos(ωt),

ν1 = ν0 + ∆ν 0 R(Ωt)

(2.34)

where R(Ωt) is the ramp function. In laser diode and DFB-QCL the further
modulation at frequency Ω is achieved through an addition current ramp to the
laser, while in EC-QCL it is only necessary to send a voltage signal the piezocontrolled diffraction grating of the laser. Since in a typical QEPAS setup Ω << ω
(indeed Ω ≈ 10mHz and ω > 10kHz), we can imagine to still use the previous
analysis, but taking into account that the value of ν0 will slowly change during
the acquisition, scanning completely the absorption line.
If we assume a pure Lorentzian line-shape for the absorption coefficient, S1ω will
have the shape of the first derivative of the Lorentzian with a constant background.
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Figure 2.19: Terms arising from the WM acquisition technique.

Instead S2ω will consist of two terms: the first is the Residual Amplitude Modulation (RAM) and is proportional to the first derivative of the Lorentzian, the
second, which arise from the laser wavelength modulation, goes like the secondderivative. It is important to notice the RAM is proportional to ∆I and thus is
usually much smaller of the second term, which dominates the overall shape of the
signal.
As shown in Fig. 2.19 in WM the QEPAS signal is very similar to S2ω but is
distorted by the RAM, anyway it does not affect the peak position because the
first derivative of the Lorentzian equals zero when ν = ν0
Experimentally if the laser light is modulated at frequency f0 , the QEPAS signal
is demodulated at the same frequency through the use of a lock-in amplifier. One
can refer to the recorded signal as 1f-QEPAS signal. Otherwise, it is possible to
modulate the laser light at frequency f0 /2 and demodulate the QEPAS signal at
the second harmonic f0 . This second approach is called 2f-QEPAS and it is convenient because the lock-in will filter a large part of the environmental noise resonant
with the laser, which will have the strongest spectral component at frequency f0 /2.

Chapter 3
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3.1

Experimental apparatus

The experimental apparatus used for the QEPAS detection of SF6 is shown in Fig.
3.1.
The light source is a 10 µm External Cavity Quantum Cascade Laser (Daylight
Solutions, Inc., model 21106-MHF). The radiation is guided into an Hollow Core
Waveguide (HCW) with an internal diameter of 300 µm and then focused into the
Acoustic Detection Module (ADM), between the prongs of a QFT, with a ZnSe
lens (f=40 mm, diameter= 1 inch). The ADM is the heart of the apparatus: it
contains the QTF, the microresonator and it is connected to the gas line. Here
the interaction between the radiation and the SF6 molecules generates the sound
wave, which excites the vibration of the prongs of the QTF.
The light coming out from the ADM is re-collimated using another ZnSe lens
(f=40 mm, diameter= 1 inch) and pass through a reference cell, filled with a 0.1%
mixture of SF6 in N2 . A pyroelectric detector measures the light absorption and
provides a useful spectral reference for the identification of the absorption lines of
the SF6 .
The mechanical vibration of the QTF creates a current signal through the piezoelectric effect. This signal is converted into a voltage signal and amplified by a
factor 30 from a transimpedance amplifier (with a feedback resistor of 10 MΩ) and
then sent into the Control Electronics Unit (CEU). The CEU has been realized
45
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Figure 3.1: Block diagram of the experimental apparatus. ADM = Acoustic
detection module; QTF = Quartz tuning fork; HCW = Hollow core waveguide;
EC-QCL = external cavity quantum cascade laser; CEU = Control electronics
unit; DAQ = Data acquisition.

in the laboratory of the Electrical and Computer Engineering Departement of the
Rice University and it is used to determine the parameters of the quartz tuning
fork: resistance R, quality factor Q, and resonant frequency f0 . It is also used to
transfer the signal coming from the transimpedance amplifier to the lock-in amplifier. Eventually, the output signal from the lock-in is converted to digital with
a National Instruments DAQ card (USB 6008) connected to a personal computer.
By means of a lab-view based software the temporal evolution of the piezoelectric
signal and the response of the pyroelectric detector are recorded.
The pressure and flow rate of the gas mixture are controlled using a pressure controller (MKS Instruments Model 649) and two flow controllers (Brooks Instruments
5850S).
In the following sections a detailed description of the most important components
of the apparatus will be provided.
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Figure 3.2: Schematic diagram of: (a) a quantum well QCL; (b) a superlattice
QCL [32].

3.1.1

External Cavity Quantum Cascade Laser (EC-QCL)

Quantum cascade lasers (QCLs) were introduced in 1994 by the work of Faist et al.
[7]. Unlike other common semiconductor laser sources, QCLs are unipolar devices,
indeed they make use of only a single carrier, the electron, for the generation of
the laser light. They are built from a series of quantum wells, designed so as
the electron injected into the conduction band undergoes a cascade of radiative
intersubband transitions as it goes through the device and generates multiple
photons, so in QCL a quantum efficiency greater than 1 can be achieved. As a
consequence of the absence of holes, in QCL the Auger effect is negligible and it
is possible to build laser sources with wavelength well beyond 2 µm. Actually,
QCLs can operate in IR region of the electromagnetic spectrum from 3 µm to 24
µm and in the THz range between 0.84 and 5.0 THz (i.e. between 357 µm and
60 µm) [33].
Figure 3.2 shows two typical configurations for QCLs [32]: the first one is based
on quantum well active regions, the second on superlattice active regions. The
quantum well QCL consists of a sequence of stages, each of which has an n-type
electron injector and an intrinsic quantum-well active region. The injector is made
of wells of different widths and thin barriers that form a superlattice and has an
energy-level structure consisting of minibands. If we apply a difference of potential
to the device, the electrons are injected via resonant tunnelling from the bottom

48

Chapter 3. Experimental techniques

Figure 3.3: Conceptual drawing of an EC-QCL: the wavelength tuning is
achieved by rotation of diffraction grating.

(ground state) of a miniband (denoted as level 3) into the upper laser level in the
quantum-well active region (level 2). Then, a photon of frequency ν = E21 /h is
emitted via stimulated emission on the 2-1 intersubband transition. The same
electron decays via phonon scattering to level 0, where it enters the miniband in
the next stage via resonant tunnelling. In this structure the population inversion
is possible because generally τ2 ≈ 1ps, while τ1 ≈ 0.1ps since the decay to level 0
take place via fast non radiative transitions. The process is repeated the following
region and another photon is emitted. Usually QCLs contains 20-100 stages.
In the superlattice configuration both the injector and the active region have a
miniband energy structure and the wavelength of the laser is established by the
height of the minigap in the active region. In this case the alignment between
the injector and the active region is less critical. Another QCL design is called
bound-to-continuum and it employs transitions from a discrete upper level to a
superlattice miniband, combining the efficient electron injection into the upper
laser level of the quantum-well QCLs with the fast depopulation of the low laser
level of a superlattice QCLs.
One of the desired a characteristics of laser source for spectroscopic application
is a wide tunable wavelength, but unfortunately QCLs lacks of this capability.
Indeed varying the temperature or the current the emission wavelength can not
change more than 10-20 cm−1 . To overcomes this situation, in 2001 Luo et al. have
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Figure 3.4: Schematic conduction-band diagram of a bound-to-continuum
EC-QCL [34].

introduced the so-called External Cavity Quantum Cascade Laser (EC-QCL) [34].
The idea is to substitute on of the two reflective surfaces of the Fabry-Perot cavity
with an external frequency-selective element, for example a diffraction grating.
Figure 3.3 shows a conceptual drawing of an EC-QCL [35].
To understand how an EC-QCL works, let us consider a bound-to-continuum
design (Fig. 3.4). Since the radiative transitions occur between a single initial
state (12 in Fig. 3.4) located close to the injection barrier and a quasiminiband
of final states, moving the grating with a piezoelectric actuator one can choose
the wavelength of the reflected light and thus select which one of the energy levels
identified by the coloured arrows in Fig. 3.4 will be the lower laser level. Indeed
the first-order diffracted beam is back coupled into the laser, while components of
the radiation with a different wavelength will be reflected at a different angle and
goes out from the cavity. Moreover, in this configuration all the transitions share
the same upper state and the laser action at a particular wavelength reduces the
gain over the whole range. Wavelength tuning is achieved through the rotation of
the grating, with the help of piezoelectric actuators.
The EC-QCL used in the experiment is the Enhanced-Stability CW-Mode HopFree Mid-IR Laser, model 21106-MHF from Daylight Solutions. It consists of a
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Figure 3.5: The cross section of an HCW [37].

25 mm long optical cavity length, miniature diffraction grating and integrated
current and temperature controls. The gain medium facet in front of the grating
is anti-reflection (AR) coated, while the output one is uncoated. The radiation is
collimated with AR coated aspheric lenses. The laser has a tunable emission in the
range 9.94 µm - 10.76 µm (929 cm−1 - 1006 cm−1 ) and a linewidth < 5M Hz. The
laser frequency can be varied of ≈ 0.6 cm−1 by applying a voltage up to 100 V to
the piezoelectric actuator attached to the diffraction grating. Moreover, the laser
provides the possibility to modulate its current with an external voltage signal up
to 5 V peak-to-peak at a maximum frequency of 2 MHz. The current modulation
induces a maximum modulation of 0.1 cm−1 of optical frequency. A water cooling
system maintains the temperature of the laser at 18 ◦C during its operation.

3.1.2

Hollow core waveguides (HCWs)

As in each optics experiment, also in a PAS apparatus the versatility of a fiber
coupled system is widely researched. The use of traditional solid core fiber in
QEPAS is not possible because they become multi-mode at wavelength λ > 3µm,
a spectral region which contains strong absorption lines of numerous important
gases. However, the recent introduction of Hollow Core Waveguides (HCWs) has
offered a solution to this problem. In these fibers the laser beam propagates
through an air core by multiple reflections on a metallic inner wall. HCWs can
transmit wavelengths from the mid-IR region to well beyond 20 µm and in the
THz range [36] with relatively low losses.
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The basics structure of an HCWs is shown in Fig. 3.5. The waveguides are
fabricated by depositing a reflective silver (Ag) layer followed by a dielectric silver iodide (AgI) layer inside a hollow glass capillary tube using wet chemistry
techniques [38]. The inside diameter of the fiber is relatively large (≈ 300µm)
compared to the laser wavelength, but single mode transmission is still possible,
contrary to what happens in conventional fibers. The external protective jacket
does not contribute to the optical properties.
The theory of the propagation of electromagnetic waves in HCWs has been explored by Marcatili and Schmeltzer in 1964 [39] and then Miyagi and Karasawa
[40] have calculated bending losses. Two important relation for the attenuation
coefficient α [dβ/m] can effectively summarize their work:
α∝

1
,
d3

α∝

1
R

(3.1)

where d is the fiber diameter and R is the bending radius.
The fundamental, gaussian-shaped mode in HCWs is called HE11 (i.e. Hybrid
Electric) and it is the one that shows lower losses[41]. Higher order modes are
much more lossy and therefore hollow waveguides tend to propagate near singlemode, even though the core diameter is often more that 100 times greater than
the wavelength. Thus one can say that the HCWs have the advantageous property
of cleaning up multimode laser and providing a single mode beam at the output
of the fiber. This is extremely important in QEPAS, in which a gaussian profile is
needed because the beam has to be focused through the small region between the
prongs of the QTF (≈ 300µm). According to literature in these fiber it is possible
to achieve single mode propagation if:
d ≤ 40λ

(3.2)

where d is the fiber diameter and λ is the wavelength of the laser source.
Unlike solid-core fibers, the losses in HCWs depend strongly on the launch conditions and therefore, the choice of the input coupling lens is crucial in order to
approach the theoretical losses of the HE11 mode. It can be shown be the maximum coupling with HE11 and is achieved when the following relation is satisfied:
2ω
≈ 0.64
d

(3.3)
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Figure 3.6: Experimental setup used to characterize the HCWs.

where ω is the beam waist of the laser and d is the fiber diameter. Thus the optical
coupling system and the fiber diameter has to be carefully chosen depending of
the wavelength of the laser source.
The HCW used in the experiment has a length of 15 cm, an inner Ag–AgI coatings,
an internal core diameter of 300 µm and a loss of 1 dβ/m.
To become familiar with these fibers, we have conducted an experimental characterization of 4 fibers with the following characteristics:
Core diameter
200
200
300
300

µm
µm
µm
µm

Length
15 cm
50 cm
15 cm
100 cm

Table 3.1: HCWs characterized during the experimental activity.

QCL with wavelengths of 5 µm, 6 µm and 10 µm have been employed as light
sources. The experimental setup is very simple and it is depicted in Fig. 3.6. A
detailed description of the results is beyond the scope of this thesis, but we might
mention a couple results that best summarize the properties of these fibers.
As said before, HCWs have the property to improve the beam profile of the laser.
The beam profile of a 6 µm DFB-QCL is shown in the first part of Fig. 3.7. The
profile is not single mode, thus trying to focus this beam into a QTF would not
produce acceptable results. The introduction of a 50 cm long HCW with a inner
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Figure 3.7: Right: beam profile of the DFB-QCL. Left: beam profile after a
50 cm long HCW with a diameter of 200 µm.

Figure 3.8: Bending losses of a 50 cm long HCW with a inner diameter of 200
µm.

diameter of 200 with a loss of 8.1dβ/m in the best coupling conditions solves the
problem and allows to have a Gaussian, single mode beam profile. Moreover, the
analysis has proved that the longer the fiber, the cleaner the output profile.
In addition, Fig. 3.8 presents the bending losses as a function of the curvature
radious for the same HCW. The trend respects the theoretical previsions and the
output profile is good for all the curvature radii.
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Figure 3.9: Left: Acoustic Detection Module (ADM) used in the experiment.
Right: 5 degree of freedom roto-translational stage.

mR

QTF

Figure 3.10: Magnified image of the QTF (orange) and the mR (white) used
in the experiment.
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Acoustic Detection Module (ADM)

The Acoustic Detection Module (ADM) (Fig. 3.9) contains the QTF and the
microresonator (mR) (Fig. 3.10), positioned in the on-beam configuration. The
QTF is a standard tuning fork; its prongs are 3.2 mm long, 0.33 mm wide and
thick and the space between them is 0.3 mm. The mR consists of two metallic
tubes 3.9 mm long and with an inner diameter of 0.84 mm, whose size has been
optimized to work with mid-IR lasers at low pressure. With the aim of working at
low pressures and with a certified flow of gas, it was necessary to cover the ADM
with an hermetic metallic cap. The cap has two ZnSe windows, which have high
transmission in the mid-IR range and reflect about the 5% of the incident radiation.
It has been mounted tilted respect to the laser to prevent back reflections into the
light source. In addition the ADM has two connection to the gas line to allow the
flow of the SF6 : N2 mixture.
In QEPAS experiments it is critical to avoid laser illumination of both the QTF
and the mR, since the blocked radiation introduces a huge resonant noise, which
can not be filtered with the lock-in amplifier. Thus the ADM has been mounted
on a 5 degree of freedom roto-translational stage to proper align the apparatus.
This solution has allowed more than 99.5% of the radiation to pass through the
ADM without touching it.
To verify that the laser light focused by the optical system does not touch the QTF,
the beam waist has been measured focusing the laser directly into the pyroelectric
detector (Fig. 3.11). A Gaussian fit has provided a beam waist of 189µm ± 2µm,
which is less than the 300µm wide space between the prongs of the QTF.
Figure 3.12 show how the beam profile is modified by the presence of QTF and the
mR. One can observe that the mR carry out in part the function of a waveguide
and a slight focusing of the beam is observed, but the effect is absolutely negligible.

3.1.4

Lock-in amplifier

The characteristics and the purpose of a lock-in amplifier will be presented in
appendix A. The two lock-in amplifiers used in the experiment are the models
7265 from EG&G. They have two phase sensitive detectors and can work both
with internal and external reference. It has been of great utility the autophase
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Laser focused into the detector
EC-‐QCL
HCW

Detector

ZnSe	
  lenses

FWHM = 189 μm ± 2 μm
QTF prongs spacing = 300 μm

Figure 3.11: Beam profile at the output of the HCW. The beam has been
focused directly into the pyroelectric detector.

function provided by the amplifiers, which acts on the phase shifting circuit of the
reference channel and allows to cancel the phase difference with the PA signal.
To evaluate the sensibility of the QEPAS sensor it is important to take into account
the integration time of the low-pass filter of the lock-in and its bandwidth. In this
work the time constant of the lock-in amplifiers has been set to 100 ms and a
slope of 12 dβ/oct has been chosen for the filter. The corresponding bandwidth
is 1.6675 Hz. Tab. 3.2 shows the bandwidth values of the lock-in amplifiers as a
function of the time constant.

3.1.5

Pyroelectric effect and pyroelectric detectors

Pyroelectric effect is the change of the spontaneous polarization in a crystal generated by temperature increase or decrease [19]. The converse effect, that is the
change of the temperature generated by the external electric field, is called electrocaloric effect. As a consequence, we can define a pyroelectric material as a
material which possesses an inherent electrical polarization, whose magnitude is
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EC-‐QCL
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  windows
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Detector
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Figure 3.12: Upper figure: beam profile at the output of the HCW. Lower
figure: beam profile through the tuning fork. A slight focusing of the beam is
observed, but the effect is absolutely negligible.

Time constant

Bandwidth (12 dβ/oct)

5m
10 ms
20 ms
50 ms
100 ms
200 ms
500 ms
1s
2s
4s
5s
10 s

37.5
17.2
8.3375
3.335
1.6675
0.83375
0.3335
0.16675
0.083375
0.0416875
0.03335
0.016675

Table 3.2: Bandwidth values of the lock-in amplifiers as a function of the time
constant.
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Figure 3.13: Temperature dependence of polarization P. TC is called Curie
temperature [42].

a function of temperature. The typical temperature dependence of polarization
has the form shown in Fig. 3.13. If the temperature stays constant at its new
value, the pyroelectric extra-polarization gradually disappears due to leakage current (electrons that move through the crystal or ions in the air and so on). It can
be shown that every pyroelectric material is also piezoelectric, but the contrary is
not true.
A pyroelectric detector consists of a thin wafer of a pyroelectric crystal with electrodes deposited on both sides, normal to the polar axis (Fig. 3.14 ) [42, 43].
When the crystal experiences a change in temperature, the free electric charges
that appear on the surface are collected through the electrodes. Generally the
pyroelectrics are oxides, and they have very high resistances, thus, in this configuration the accumulated charges do not leak through the material. If an external
circuit is connected to the detector, these charges will flow and a current, proportional to the rate of the change of temperature, will be produced. When the
temperature of the crystal is steady, there will be no current flow. The pyroelectric
current per unit area of the crystal can be expressed as:
I=

dP dT
dT
=p
dT dt
dt

(3.4)

where T is the temperature, t is the time, P is polarization per unit volume and p
is the pyroelectric coefficient. We can model these detectors as a current generator
with a capacitor C (due to the electrodes) and a resistor R (due to leakage currents)
in parallel.
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Figure 3.14: Schematic of a pyroelectric detector.

A pyroelectric detector can be used as a light detector because when radiation (UV,
VIS, IR, THz) hit a thin pyroelectric crystal its temperature increases by fractions
of a degree centigrade and a pyroelectric current can be measured. Obviously, only
modulated radiation can create a signal. In order to evaluate this current, let us
consider a pyroelectric crystal heated by sinusoidal light beam. The power E of
the modulated light beam can be written as:
E(t) = E0 eiωt

(3.5)

In order to ensure proper working condition to the detector, the frequency ω of
modulation of the incident radiation has to be greater than the reciprocal of the
thermal relaxation (or thermal time constant) Γth of the crystal, that is:
ω >> 1/Γth

(3.6)

The fraction of the radiation power absorbed by the crystal will be αE(t) and if we
denote with C and Gth the heat capacity and thermal conductance, respectively,
it is possible to write:
αE(t) = Cp

dT (t)
+ Gth (T − T0 )
dt

(3.7)
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where T0 is temperature of the crystal at rest. This eq. can be used to evaluate
the thermal constant Γth of the material, indeed if E0 = 0:
0 = Cp

dT (t)
dT (t)
Gth
Gth
+ Gth ∆T =⇒
=−
∆T =⇒ Γth =
dt
dt
Cp
Cp

(3.8)

The solution of this eq. 3.7 is:
∆T (t) =

αE0
eiωt
Gth + iωCp

(3.9)

If we consider that the pyroelectric charge can be written as:
q = A P ≈ A p∆T

(3.10)

where p is the pyroelectric coefficient, A is the electrode area, ∆T is the temperature causing the charge generation and P is the polarization, thus:
I(t) =

dT
dq
=Ap
dt
dt

(3.11)

Substituting 3.9 into 3.11, the expression for the current becomes:
I(t) =

pA αE0
iωeiωt
Gth + iωCp

(3.12)

In this experiment two different pyroelectric detectors were used: the Thermal
Power Sensor 7Z02621 from Ophir and The Pyrocam III from Spiricon. The
sensor from Ophir is a power meter realized to measure very low powers (between
8 µW and 3 W ) in the 0.19 − 20 µm range, while the Pyrocam III is a pyroelectric
camera and consist of a matrix of 124x124 sensitive elements, each of which has
the shape of a square of side 85µm. It has a good spectral response between 13
and 355 nm and between 1.06 and 3000 µm. The Pyrocam has been used to create
images of the laser beam profile in order to analyze its characteristics (single or
multimode operation, etc.).

3.1.6

Gas handling system

The gas handling system consist of two flow controllers, one pressure controller
and a vacuum pump. The two flow controllers are have been use to the determine
the concentration of the SF6 in the gax mixture. They allow to control the flow
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[sccm = standard cubic centimetre per minute] of the gas that passes through
them. The first flow meter governs the flow of SF6 − N2 mixture and has a full
scale of 8 sccm, the second is linked to a pure N2 gas tank and has a full scale of
100 sccm. To calculate the concentration c [ppm = part per million] of SF6 in the
mixture the following formula has been used:
c=

fSF6
fSF6
c̄ =
c̄
ftot
fN2 + fSF6

(3.13)

where fX is the flow in sccm of the gas X and c̄ is the certified concentration of
SF6 in the gas tank. In this setup c̄ = 10 ppm ± 0.1 ppm.
The flow controllers employed are the 5850s from Brooks Intruments and allow
digital communication via a RS232 port. The flow accuracy is 0.7% of the rate.
As a consequence the error on the concentration of the SF6 can be evaluated
through the propagation of errors. In Append. C a LabVIEW software for the
management of these devices is presented.
The pressure controller is employed to select and make contant the pressure in the
ADM, in order to avoid changing the mechanical characteristics of the QTF. The
one used in the experiment is the model 649 from M KS Intruments.

3.2

Properties and absorption spectra of SF6

Sulfur hexafluoride (SF6 ) is an extremely stable gas with unique physical and
chemical properties that make it an ideal candidate for industrial applications
[44]. It is a heavy, inert, nontoxic and nonflammable gas. Indeed the SF6 has
been used in gas-insulated equipment for electrical systems and in blanketing of
molten reactive metals and leak detection systems since 1953. Nowadays the
production has grown steadily and the use of SF6 in gas-insulated switches has
become widespread.
Atmospheric measurements reveal a clear increase of the global mean concentration
of SF6 from 0.6 ppt at the beginning of 1978 to 4 ppt today and the concentration
increase of approximately 7%/yr, due to the industrial production. In the atmosphere SF6 has a very long lifetime (≈ 3200 years), which is determined only by
atmospheric destruction processes and it absorbs effectively in important windows

62

Chapter 3. Experimental techniques

Figure 3.15: Absorption spectrum of the SF6 in the range 947.2 cm−1 - 949.4
cm−1 at a pressure of 75 torr, simulated using the online HITRAN database.

in the infrared region and thus is the most potent greenhouse gas known and its
potential action on climatic changes can be SF6 troubling.
As a consequence, the development of a sensor for such an important gas from
both an industrial and ecological point of view seems to be of extreme interest.
Moreover due to its high relaxation rates very low detection limits can be achieved,
which today represent a record in the field of QEPAS technique. Indeed, around
10.6 µm the relaxation rate of SF6 is ≈ 10−2 µs−1 T orr−1 , which, at a pressure
of 75 T orr, means a lifetime of few microseconds, that when compared with the
frequency of the optical modulation in a QEPAS experiment (32 kHz), allows us
to state that the gas decays almost instantly after the absorption [45].
Figure 3.15 shows the absorption spectrum of the SF6 in the range 947.2 cm−1 949.4 cm−1 at a pressure of 75 torr, simulated using the online HITRAN database
[46]. This spectral region presents several very strong roto-vibrational absorption
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lines separated by less than 0.05 cm−1 . As a consequence, to observe resolved line,
it has been necessary to work al low pressure (≈ 75 T orr).
For the QEPAS detection of SF6 , it seems a better solution to work between 947.7
cm−1 and 948.1 cm−1 . Indeed, this region shows a stronger absorption and thus a
greater QEPAS signal is expected, but the absorption lines are not well resolved
and thus a huge background signal can not be avoided. For this reason we have
decided to investigate also the range 948.6 cm−1 and 948.8 cm−1 , in which a couple
of Lorentian-shaped and well resolved absorption lines can be found.

Chapter 4
Experimental results and
discussion
4.1

Fine wavelength scanning of the 10 µm ECQCL

The 10 µm EC-QCL allows a fine scan of its wavelength of emission by the application a voltage signal between 0 and 100 V to the piezoelectric transducer of the
diffraction grating. Thus we can write:
kemission = αVpiezo

(4.1)

where k is expressed in [cm−1 ], V in [V olt] and α in [cm−1 /V olt]
Preliminarily, we characterized the laser source by measuring the value of α. To do
so, we selected 6 absorption lines of the SF6 in the region 947.8 − 948.0 cm−1 so
close together that the we could record their position with a single laser scan and we
measured their QEPAS signal in the 2f-QEPAS approach. To obtain a clear signal
we set the concentration of the SF6 to 10 ppm, which was the maximum value
accessible by the experimental apparatus. To determine the absolute wavelength
associated to the lines, we compared the experimental results with a simulation
of the second derivative of absorption coefficient of the SF6 by HITRAN. The
characteristic shape of the selected lines (all different from each other) allowed us
to recognize them exactly in the HITRAN spectrum and therefore to identify their
65
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Figure 4.1: Measure of the fine wavelength scannig of the 10 µm EC-QCL.
Upper Fig.: QEPAS signal of 6 absorption peaks of SF6 . Lower Fig.: second
derivative of the absorption coefficient simulated by HITRAN.

spectral position. Figure 4.1 shows the comparison between the relative positions
of the hitran absorption peaks and the measured ones from which we determined
the value of α:
α = 0.0060 ± 0.0004

cm−1
V

=⇒

max f ine scan = 0.60 cm−1

(4.2)

One can observe that the QEPAS signal in Fig. 4.1 does not have the shape
depicted in the previous chapters (i.e. the second derivative of a Lorentzian lineshape). This occurs because we are not considering isolated lines, but lines very
close together and thus the total coefficient of absorption appears to be the convolution of the individual lines. Therefore the QEPAS signal will be proportional
to the second derivative of the convolution of Lorentzian lines, which has just the
shape of Fig. 4.1.
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Selected'line

Working'Condi0ons'
λQCL'='947,45'cm<1'
Vramp'='32'<'55'V'
framp'='10'mHz'
fmodula0on'='16,37972'kHz''
Tc'(lock<in)'='100'ms'
Tc'(labview)'='300'ms

Figure 4.2: Experimental conditions of the first session of measurements. T c
= integration time.

4.2

Concentration mesurements in the 947.8 −
948.0 cm−1 region

As mentioned earlier, the spectral region between 947.8 − 948.0 cm−1 contains
a roto-vibrational absorption band and seems to be the best candidate for the
measurements, except for the presence of a constant background that in principle
could represent a problem. Therefore we have chosen to perform the measurement
using the 2f-QEPAS technique, which should cut off the background signal.
For this session, we selected the strongest line of the band, centered at 947.93cm−1 ,
by setting the wavelength of the laser at 947.45 cm−1 and sending a voltage ramp
(Vramp ) between 32 V and 55 V to the piezo actuator of the QCL grating with
a frequency of 10 mHz. The current supply of the laser was modulated at a
frequency of 16.37972 kHz and the output signal from the QTF has been read at
the second harmonic. The integration time of the lock-in has been set at 100 ms,
while through the LabVIEW acquisition program a further temporal average of
300 ms was carried out to mediate the output signal from the low pass filter of
the lock-in. Fig. 4.2 summarizes the experimental working conditions.
In order to achieve the best signal to noise ratio (SNR), several parameters of the
sensor have to be optimized.
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Working pressure calibration
First of all, it is important to determine the optimum working pressure in the
ADM. One could think that the higher the pressure, the higher the number of SF6
molecules and their relaxation efficiency. Thus the QEPAS signal should exhibit
a monotonic dependence on the pressure. However, we have to take into account
that the Q-factor of the QTF is a function of the pressure too and it decrease with
its rising. Hence, since the QEPAS signal is proportional both to the number of
molecules and to the Q-factor, a trade-off have to be found. Moreover, working
with a pressure less than ≈ 100 T orr is crucial to reduce the line broadening
and observing resolved lines. We want to recall that in this setup the pressure
is controlled by the combined action of the vacuum pump and the MKS pressure
controller.
Fig. 4.3 illustrates the QEPAS signal as a function of the pressure: on the left a
complete QEPAS scan of the absorption line is represented, while on the right the
peak value of the each curve is plotted as a function of the pressure. As expected,
a maximum at 75 T orr is observed and then the pressure was set to that value
for the rest of the experiment. Obviously for these measurements the frequency of
the modulation of the driving current has been optimized from time to time with
the help of the CEU.
Fig. 4.4 shows the Q-factor and the resonance frequency of the QTF as a function
of the pressure in the ADM. The trend follows the theoretical relation described
in the previous chapters.
Calibration of the amplitude modulation of the laser current
The EC-QCL offers the possibility to modulate its driving current through a voltage signal between 0 and 5 V. The QEPAS signal was measured by varying this
parameter.
Fig. 4.5 shows the QEPAS signal as a function of the amplitude of the voltage
signal. As before, on the left a complete QEPAS scan of the absorption line is
represented, while on the right the peak value of the each curve is plotted as a
function of amplitude of the voltage signal. The graph identifies the optimum
value of the amplitude as 4.2V .
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Figure 4.3: Top: QEPAS scan of the absorption line centered at 947, 93cm−1
with the pressure as a parameter. Bottom: QEPAS peak signal vs pressure.
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Figure 4.4: Q-factor (in black) and frequency of resonance (in red) of the QTF
as a function of the pressure measured during the calibration.

SF6 concentration measurements
After having identified the best experimental conditions, finally we proceeded with
the measurement of the concentration of the SF6 in the gas mixture. Before
starting, a signal measure of the absorption line for pure N2 was carried out to
evaluate the level of noise. The total noise (thermal + electronic + misalignment)
is ≈ 4mV , which is a good result within this experimental apparatus. The QEPAS
signal was measured varying the SF6 concentration between 132 ppb and 10 ppm
(ppb = part per billion, ppm = part per million). Fig. 4.6 depicts the QEPAS
scan of the selected line with the SF6 concentration as a parameter, while Fig.
4.7 shows the peak signal of each curve as a function of the SF6 concentration in
the gas mixture. In the plot the errors on the concentration of the SF6 arise from
the sensitivity of the flow controllers, instead the errors on the QEPAS signal were
determined by the total noise on the signal.
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Figure 4.5: Top: QEPAS scan of the line centered at 947.93 cm−1 with the
amplitude of the voltage modulation as a parameter. Bottom: QEPAS peak
signal vs amplitude of the voltage modulation.
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Figure 4.6: QEPAS scan of the absorption line centered at 947.93cm−1 varying
the SF6 concentration between: top) 1072 and 3478 ppb; bottom) 132 and 741
ppb
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Figure 4.7: QEPAS peak signal as a function of the SF6 concentration based
on a calibration with the gas dilution system for the first session of measurements. The straight line is a linear fit of the experimental points.

A linear fit of the experimental points provides the following relation:
y = ax + b

(4.3)

V
and b = 0.750 mV . The R2 coefficients equals 0.999 and this
ppb
proves the validity of the linear fit.
where a = 0.020

4.3

Concentration mesurements in the 948.6 −
948.8 cm−1 region.

The measurements were repeated in the region between 948.6 − 948.8 cm−1 . Here
it is possible to find several roto-vibrational lines with an absorption coefficient
about 10 times smaller than the one of the lines examined in the last section. As
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Working'Condi0ons'

Selected'line

λQCL'='948,60'cm=1'
Vramp'='26'='45'V'
framp'='5'mHz'
fmodula0on'='16,37970'kHz''
Tc'(lock=in)'='100'ms'
Tc'(labview)'='300'ms

Figure 4.8: Experimental conditions of the second session of measurements.
T c = integration time.

a consequence, a 10 times smaller QEPAS signal is expected too, but the absence
of a background signal should determine a smaller noise on the signal.
In this second session of measurements, we selected the strongest line of this band,
centered at 948.73 cm−1 , by setting the wavelength of the laser at 948.6 cm−1 and
sending a voltage ramp (Vramp ) between 26 V and 45 V to the piezo actuator of
the QCL grating with a frequency of 5 mHz. The driving current of the laser was
modulated at a frequency of 16.37970 kHz and the output signal from the QTF
has been read at the second harmonic. The integration time of the lock-in has
been set at 100 ms, while through the LabVIEW acquisition program a further
temporal average of 300 ms has been carried out to mediate the output signal from
the low pass filter of the lock-in. Fig. 4.8 summarizes the experimental working
conditions.
The sensor calibration goes through the same steps described above.
Working pressure calibration
Fig. 4.9 illustrates the QEPAS signal as a function of the pressure: on the left a
complete QEPAS scan of the absorption line is represented, while on the right the
peak value of the each curve is plotted as a function of the pressure. Again, the
optimum working pressure appear to be 75 T orr.
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Figure 4.9: Top: QEPAS scan of the absorption line centered at 948.73cm−1
with the pressure as a parameter. Bottom: QEPAS peak signal vs pressure.
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Calibration of the amplitude modulation of the laser current
Fig. 4.10 shows the QEPAS signal as a function of the amplitude of the voltage
signal. As before, on the left a complete QEPAS scan of the absorption line is
represented, while on the right the peak value of the each curve is plotted as a
function of amplitude of the voltage signal. In this case the highest signal is reached
with the maximum amplitude allowed, which equals 5V . This seems reasonable
since this line is larger than the previous one.
SF6 concentration measurements
As in the first session, the total noise for pure N2 is ≈ 4mV . The QEPAS signal
was measured varying the SF6 concentration between 131 ppb and 1758 ppb. Fig.
4.11 illustrates the QEPAS scan of the selected line with the SF6 concentration
as a parameter, while Fig. 4.12 shows the peak signal of each curve as a function
of the SF6 concentration in the gas mixture.
A linear fit of the experimental points provides the following relation:
y = ax + b
where a = 0.008

(4.4)

V
and b = 12.216 mV . The R2 coefficients equals 0.976.
ppb

To evaluate the temporal stability of the sensor and identify any experimental
problem, a stepwise concentration measurement was carried out. A spectral analysis of the signal points out a dominant frequency component in the noise of about
10 mHz, which is not easily attributable to the mechanical properties of the QTF
or to the alignment of the apparatus. Further analysis showed that this lowfrequency component is due to the lock-in amplifiers used in the experiment and
as a consequence a very narrow band block filter has been applied to the signal
around 10 mHz to exclude this contribution. The results are shown in Fig. 4.13,
which clearly demonstrate the temporal stability of the signal.

4.4

Discussion of the experimental results

The first session of measurements has shown excellent results from all points of
view. The best working conditions were determined in a convincing way and the
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Figure 4.10: Top: QEPAS scan of the absorption line centered at 948, 73cm−1
with the amplitude of the voltage modulation as a parameter. Bottom: QEPAS
peak signal vs amplitude of the voltage modulation.
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Figure 4.11: QEPAS scan of the absorption line centered at 948.73cm−1 with
the SF6 concentration as a parameter.

signal appears smooth in all the QEPAS scans, indicating that the noise has a secondary influence. The linear fit of the experimental points in Fig. 4.7 has a very
high R2 coefficient and its intercept is very close to zero, which again demonstrates
that noise does not have an important role in these range of measurements. Moreover this good linearity persists over two orders of magnitude of SF6 concentration
(form 0.1 ppm to 10 ppm) and thus the sensor seems to be stable and versatile.
To determine the achievable sensitivity of the QEPAS sensor we performed an
Allan variance analysis. A detailed description of the Allan variance analysis is
provided in Appendix B. To employ this statistical tool, we have acquired the
QEPAS signal for pure N2 (i.e. the total noise) for a period of ≈ 3 hours. With
the aim of exclude noise components due to the lock-in amplified, a low pass filter
with a cut off frequency of 10 mHz have been applied to the collected data, which
then have been analysed and averaged using a LabVIEW-based software. The
Allan plot is shown in Fig. 4.14. For an integration time of 1 s (i.e. a bandwidth
of 0.16675 Hz), we achieved a minimum detection sensitivity of 2,75 ppb, which
is consistent with the literature.
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Figure 4.12: QEPAS peak signal as a function of the SF6 concentration based
on a calibration with the gas dilution system for the second session of measurements. The straight line is a linear fit of the experimental points.

From the sensitivity of the sensor pSF6 , it is possible to calculate the minimum
absorption coefficient αminSF6 (ν) [cm−1 ] by means of the relation:
αminSF6 (ν) = pSF6 ρ σ

(4.5)

where σ is the cross section [cm2 /mol] of the selected line and ρ is the molecular
gas density (i.e. number of molecules in the gas mixture per unit volume [cm−3 ]
). The cross section σ can be evaluated as:
σ(ν) = S L(ν − ν0 )

(4.6)

where S is the line-strength [cm/mol], L is the profile of the line (i.e. lorentzian,
gaussian, voigt) and ν0 is the frequency of the peak of the absorption line. If we
assume a lorentzian profile:
L(ν − ν0 ) =

1
γ
π (ν − νo )2 + γ 2

(4.7)
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Figure 4.13: Stepwise concentration measurements for the second session of
measurements.

Thus, if we consider ν = ν0 :
σ=

S
γπ

(4.8)

Simulating the experimental conditions on the HITRAN database, we can obtain
S = 1.410−20 cm−1 ,γ (p = 75 T orr) = 0.01 cm−1 and as a consequence σ =
p NA
4.45 10−19 . Instead, from the equation of ideal gases ρ =
= 2.5 1018 cm−3 .
RT
Thus:
αminSF6 (ν0 ) = 1.09 10−9 cm−1

(4.9)

It is also interesting to evaluate the Normalized Noise Equivalent Absorption
(NNEA), which is a parameter used to compare the performance of different sensors used for gas sensing. The NNEA is defined by:
N N EA =

P αminSF6
√
∆f

(4.10)

where P is the laser power (25.0 mW), ∆f is the bandwidth of the lock-in amplifier
(0.16675 Hz with 1 s of integration time). In these experimental conditions the
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Figure 4.14: Allan deviation in parts per billion (ppb) of the QEPAS signal
as a function of the integration time.

NNEA turns out to be:
N N EA = 6.67 10−11 cm−1 W Hz −1/2

(4.11)

The second session of measurements presents a more problematic behaviour. Not
only the signal is 10 times lower, but also the noise has increased, contrary to
the expectations. The waveforms are no longer smooth and the characteristic
parameters of the QTF not always have the expected performance. The linear fit
in Fig. 4.12 does not seem to be convincing as in the previous case. Furthermore,
the intercept of the fit is significantly different from zero and this points out the
presence of a background of about 12 mV for the measurement for pure N2 , which
was not expected by the technique of 2f-QEPAS. Moreover, in this spectral range
the QCL exhibits power oscillation and changes of alignment grater than the ones
of the first session. In particular a not easily predictable misalignment may have
contribute to create additional noise, which was resonant with the signal.
The above analysis leads to the conclusion that the first selected region appears
to be the best choice for the realization of this sensor.
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Figure 4.15: Determination of the PA interaction volume in the QEPAS sensor.

4.5

How many molecules?

In most of the publications about gas sensing, researchers measure the concentration of the target gas in relation to the total gas content in the volume of interest.
Consequently, it is common to use percentage (%), ppm or ppb as a measure for
the concentration. In spite of the convenience of this units of measure, for many
practical purposes they are not easy to be used and one could try to have a more
detailed description of the problem by asking: how many molecules can we actually
detect with our sensor?
In order to answer this question, we have to determine the volume of the gas
mixture which contributes to the creation of the QEPAS signal. The acoustic wave
which forces the oscillation of the prongs is produced by those molecules which
are between the prongs of the QTF and are lit up by the laser. It is interesting
to notice that the acoustic wave produced by each molecules is a spherical wave,
but the total acoustic wave, according to the Huygens principle, is given by the
envelop of the spherical waves, which in this geometry produces a cylindrical wave.
The interaction volume V can be modelled as a cylinder with a diameter equal to
the beam waist w of the laser and whose height corresponds to the thickness t of
the QTF (Fig. 4.15 ). Thus:
w = 189 µm t = 300 µm

=⇒

V =π

 w 2
2

t = 8.0 10−12 m3 (4.12)

The number of molecules in this volume can be calculated using the ideal gas law:
pV = nRT

(4.13)
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where n is the number of moles of the gas, R is the universal gas constant and
T is the temperature of the specimen. This seems to be a good approximation
since the concentration of SF6 is so low that the gas appears to be composed
almost entirely of N2 . In the experimental setup: p = 75 T orr = 104 P a, T =
293 K, R = 8.31 m3 P aK −1 mol−1 . If we consider that n = N/NA , where N is the
number of gas molecules and NA is the Avogadro number, the number of molecule
in the interaction region is N =8.4 1012 . Thus, given the concentration of the SF6
molecules, we can conclude that:
Integration time

Sensitivity limit

Number of SF6 molecules

100 ms
1s

132 ppb
2,75 ppb

2.0 106
5.7 104

Table 4.1: Number of SF6 molecules that we are detecting with out sensor.

4.6

Possible improvements and future perspective

Actually, we are looking at a very low number of molecules, of the order of 104 .
One might ask: is it possible to improve the sensitivity of the system and develop a
sensor able to see the passage of a single SF6 molecule in the interaction volume?
Recent studies demonstrates that many parts of the experimental setup can be
tailored in order to enhance the QEPAS signal of several order of magnitudes.
For instance, we can try to work on the heart of the apparatus, that is the QTF.
Indeed, the tiny forks, which are used in QEPAS setups, are literally borrowed
from the watch industry: they have become a standard of production and their
cost is incredibly low. But until now, their shape has been designed so that their
resonance frequency was just equal to 215 and there was no interest to investigate if
different geometries were able to improve their mechanical and piezoelectric characteristics. In 2011 Petra et al. elaborated a theoretical method, which brought
them to the proposal of an alternative geometry for a QTF [47]. The method
consists of determining the optimum design by requiring the maximization of the
QEPAS signal (without imposing any constraint on the resonance frequency) as
a function of parameters of the QTF such as the length and width of the prongs,
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Figure 4.16: Comparison between the parameters of a standard tuning fork
and the one proposed by Petra et al. [30].

but also the velocity of the prongs during the oscillation, that, as said in chapter
2, is proportional to the piezoelectric current. The characteristics of the proposed
QTF are summarized and compared with the ones of a standard QTF in tab. 4.2
and Fig. 4.16.
Parameter

Standard 32.8 kHz QTF

Alternative QTF

f (kHz)
l (mm)
w (mm)
g (mm)
lb (mm)
t (mm)
vL (m/s)

32.8
3.75
0.6
0.3
2.33
0.34
0.06

3.03
7.99
0.20
0.19
2.04
0.59
1.47

Table 4.2: Comparison between the parameters of a standard tuning fork
and the one proposed by Petra et al. The parameters include the resonance
frequency (f), length (l), width (w), gap between the prongs (g), length of the
base (lb ), thickness (t) and velocity of the prongs during the oscillation (vL ).

The result is impressive: the new QTF could produce a signal that is 24 times
greater than the one obtained with the current sensor. Indeed a thinner, lighter
and more slender QTF can achieve a 24 times higher velocity during the oscillation
and as a consequence the piezoelectric current will increase of the same factor.
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Figure 4.17: Schematic of the apparatus used to demonstrate the I-QEPAS
technique [48].

In addition, a more performing electronics could contribute to the goal. Kosterev et
al showed that the thermal noise of a QTF is ≈ 10 µV , while in this experiment the
measured noise was two orders of magnitude greater [25]. This could be definitely
attributed to the electronic noise introduced by the lock-in amplifiers and by the
read-out mechanism.
Finally, a more powerful laser source, an optical path with fewer losses and a better
alignment can give a considerable help,. But this does not necessarily mean using
more performing and expensive laser sources. Recently, Borri et al. proposed
and demonstrated a new technique called I-QEPAS [48], which employs an optical
cavity to enhance the intracavity optical power by a factor 250 with respect to
the incident one, with a proportional increase of the acoustic wave generation
efficiency. Furthermore, the cavity behaves as a selective optical filter for the laser
frequency, leading to more stable signals and better selectivity. A sketch of their
apparatus is presented in Fig. 4.17.
Adding up all the factors and in the best achievable experimental conditions, an
enhancement of ≈ 104 seems possible and this would fill the gap that still separates
us from the single molecule. The implications would be exciting: indeed in these
condition the relationship between the signal and the concentration would not be
linear and one could measure a step-like signal corresponding to the number of
molecules in the cell.

Chapter 5
Innovative mechanical
nano-resonators
and transduction techniques
If we look carefully at the evolutionary trend of mechanical resonators used in PA
apparatus, it can be observed that the macroscopic cells employed until the last
century has now turned in the use of microresonators as quartz tuning fork or
cantilever systems, which are capable of very high quality factors. This trend, as
in many other areas of physics and technology, goes toward the miniaturization.
The modern technology has enabled the realization of resonators on the nanoscale
even made of two-dimensional materials such as graphene sheets or dichalcogenide
metals. At the same time, the increasing knowledge of the properties of these materials suggests new and never experimentally observed transduction techniques.
Is it possible to employ these novel resonators and relative transduction mechanism
in photoacoustic setups?

5.1
5.1.1

Mechanical nano-resonators
Graphene nanoresonators

In the last years graphene has been at the center of the interest of the scientific
community due to its unique properties, interesting for both fundamental science
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Figure 5.1: Schematic illustration of the main graphene production techniques. (a) Micromechanical cleavage. (b) Anodic bonding. (c) Photoexfoliation. (d) Liquid phase exfoliation.(e) Growth on SiC. Gold and grey spheres
represent Si and C atoms, respectively. At elevated T, Si atoms evaporate
(arrows), leaving a carbon-rich surface that forms graphene sheets. (f) Segregation/precipitation from carbon containing metal substrate. (g) Chemical vapor
deposition. (h) Molecular Beam epitaxy. (i) Chemical synthesis using benzene
as building block [49].

and applications [49, 50]. These properties have already had a huge impact on
fundamental science, and are making graphene and graphene-based materials a
promising platform for electronics, sensors, photonics and optoelectronics. Many
graphene characteristics measured in experiments have exceeded those obtained in
any other material: room-temperature electron mobility of 2.53 105 cm2 V −1 s−1 , a
Young’s modulus of 1 T P a and intrinsic strength of 130 GP a, very high thermal
conductivity above 3, 000 W mK −1 , complete impermeability to any gases, ability
to sustain extremely high densities of electric current (a million times higher than
copper). It can be easily chemically functionalized and, in addition, despite being
one-atom thick, graphene is able to absorb a significant fraction of the incident
light (2.3%) due to its unique electronic properties. Moreover up to date a wide
range of production techniques enable to obtain high-quality sheets at a relative
low price (Fig. 5.1).
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In 2007 the group of prof. Geim and Novoselov succeeded in the creation of
a single suspended graphene sheet attached to a micron-sized metallic scaffold
(Fig. 5.2 ) [51], opening the way to the so-called graphene nanoresonators. These
resonator have a FET transistor-like structure: a single layer of graphene is suspended between two metallic electrodes and a gate contact allow the tuning of the
electrostatic potential of the sheet.
Actually the first carbon-based nanoresonators was developed by Sazonova et al.
in 2004 [52], which employed a single carbon nanotube (1–4 nm in diameter) suspended over a trench (typically 1.2–1.5 mm wide, 500 nm deep) between two metal
(Au/Cr) electrodes (Fig. 5.3 ). It is possible to actuate and detect the nanotube
motion using the electrostatic interaction with the gate electrode underneath the
tube. A gate voltage, Vg , induces an additional charge on the nanotube given
by q = Cg Vg , where Cg is the capacitance between the gate and the tube. The
attraction between the charge q and its opposite charge −q on the gate causes an
electrostatic force downward on the nanotube. If Cg0 = dCg /dz is the derivative of
the gate capacitance with respect to the distance between the tube and the gate,
the total electrostatic force on the tube is given by:
1
1
Fel = Cg0 Vg2 ≈ Cg0 VgDC (VgDC + 2δVg )
2
2

(5.1)

where we have assumed that the gate voltage has both a static (DC) component
and a small time-varying (AC) component. The DC voltage VgDC at the gate
produces a static force on the nanotube that can be used to control its tension.
The AC voltage δVg produces a periodic electric force, which sets the nanotube
into motion. As the driving frequency ω approaches the resonance frequency ω0 of
the tube, the displacement becomes larger. To detect the vibrational motion of the
nanotube, Sazonova et al. employed the transistor properties of semiconducting
carbon nanotubes, in which conductance changes are proportional to changes in
the induced charge q on the tube:
δq = δ(Cg Vg ) = Cg δVg + Vg δCg

(5.2)

The first term is the standard transistor effect (i.e. the modulation of conductance
due to the modulation of the gate at the driving frequency) and it is observed
at any driving frequency. The second term is non-zero only if the tube moves
(when the driving frequency approaches the resonance). Thus, at the resonance,
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Figure 5.2: Bright-field TEM image of the suspended graphene membrane
realized by the group of Geim and Novoselov [51]. Its central part (homogeneous
and featureless region indicated by arrows) is monolayer graphene. Scale bar:
500 nm.

Figure 5.3: Device geometry and diagram of experimental set-up used by
Sazonova et al. [52]. a) A false-colour SEM image of a suspended device (top)
and a schematic of device geometry (bottom). Scale bar, 300 nm. Metal electrodes (Au/Cr) are shown in yellow, and the silicon oxide surface in grey. The
sides of the trench, typically 1.2–1.5 mm wide and 500 nm deep, are marked
with dashed lines. A suspended nanotube can be seen bridging the trench. b)
A diagram of the experimental set-up.

the distance to the gate changes, resulting in a variation δCg in its capacitance.
This is the so-called capacitive readout scheme, which is characteristic of all kind
of electromechanical resonator and it is the same principle used in the building
of capacitive microphones. The device described showed a Q-factor 80 and a
resonance frequency tunable between 1 and 200 MHz.
Keeping in mind the work described above, in 2007 Bunch et al. realized a nanoelectromechanical systems from a single graphene sheets by mechanically exfoliating thin sheets from graphite over trenches in silicon oxide (Fig. 5.4) [53]. The
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Figure 5.4: (a) Schematic of the suspended graphene resonator by Bunch et
al. [53]. (b) An optical image of a double-layer graphene sheet that becomes
a single suspended layer over the trench. Scale bar, 2 µm. (c) Raman signal
from a scan on the graphene piece. Each coloured scan is data taken at each of
the matching coloured circles. (d) An optical image of few-layer (≈ 4) graphene
suspended over a trench and contacting a gold electrode. Scale bar, 1 µm.
(Inset) A line scan from tapping mode AFM corresponding to the dashed line
in the optical image. It shows a step height of 1.5 nm. (e) A scanning electron
microscope image of a few-layer (≈ 2) graphene resonator. Scale bar, 1 µm.

presence of only one electrical contact implies that the vibrations of the sheet can
be actuated either optically or electrically, but detected only optically through an
interferometer. The resonant frequency is 42 MHz and the Q-factor is 210.
The first resonator with electrical readout arrive in 2009 and it is due to Chen
et al. [54]. They fabricated several samples by first locating monolayer graphene
flakes on Si/SiO2 substrates, then patterning metal electrodes and etching away
the SiO2 to yield suspended graphene (Fig. 5.5). Over time, structure they
have proposed has been named doubly clamped configuration. The devices show
resonances between 20 and 70 MHz and Q-factor 125 at root temperature and up
to 1.4 104 at 5 K.
In later years research groups from all over the world have contributed to the
refinement of manufacturing techniques realizing membranes of length between
1 and 22 µm, resonance in the MHz range and with Q-factors of up to 105 at
cryogenic temperature, which decrease to 102 at room temperature [55]. The
advantage of these devices is that by means of the unique electrical characteristics
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Figure 5.5: a) Scanning electron microscope (SEM) image of several resonators
made from single-monolayer graphene flake by Chen et al. [54]. b) SEM image
of suspended graphene nanoribbon, lithographically patterned to a width of 200
nm before suspension. c) Schematic of suspended graphene. The SiO under the
entire graphene flake is etched evenly, including the contact region. d) Diagram
of electronic circuit.

of graphene, they can be easily integrated in electronic devices. In 2010, Xu et al.
have analyzed in detail the current signal from these devices [56], that consists of
four separate terms, of which the first two of are purely capacitive and the last
two depend on the active nature of the graphene channel (i.e. its gate-tunable
conductance):
IT OT = iωCg (

Cg0
Cg0
CT OT
dG
δVg − Vg δz) + Vg
(δVg − Vg δz)
Cg
Cg
dVg
Cg

(5.3)

The first term is the capacitive background signal, where CT OT is the total capacitance between the gate and the drain. The second term arises from mechanical
oscillation of the graphene, which induces an RF current by modulation of the
gate capacitance (capacitive scheme), however because of the small device area
and the small oscillation of the membrane, the magnitude of the capacitive elecz0
tromechanical signal is usually small. Indeed Cg0 ≈ Cg where z 0 indicates the
z
amplitude of the oscillation of the membrane. Since z 0 ≈ 1nm, while z ≈ 100nm,
this term gives only a marginal contribute.
But in graphene there is more. In fact, in these devices the transconductance
property of graphene (i.e. the conductance changes with distance from the gate
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Figure 5.6: (a) SEM image of a suspended circular graphene membrane 30 µm
in diameter by Barton et al. [57]. (b-d) Schematic of the fabrication procedure
used to make the membrane in (a). Graphene on PMMA is transferred to a
nitride membrane, the PMMA is decomposed, and the nitride is pressed flush
against a polished silicon wafer. (e) Diagram of the interferometric apparatus
used to detect resonator motion.

due to the greater density of mobile carriers attracted by the gate voltage) can
increase the electrical signal of order of magnitude. The terms in the second
parentheses arise from this property: the third is purely electrical, while the fourth
is due to the mechanical motion. As the graphene vibrates, the oscillating gate
capacitance modulates the conductance. In high-mobility graphene, dG/dVg can
be large, leading to a current that is many orders of magnitude greater than
expected for a device of similar dimensions made from a material lacking similar
transconductance.
In 2011 Barton et al. proposed an alternative circular fully clamped structure,
as illustrated in Fig. (5.6) [57]. In addition, this group proceeds with a systematic analysis of the Q-factor and of the resonance frequency as a function of the
membrane diameter. The results are shown in Fig. (5.7). A striking improvement
of the membrane quality factor with increasing size was observed and Q-factors
as high as 2400 for a resonator 22.5 µm in diameter was measured, about an order of magnitude greater than previously observed quality factors for monolayer
graphene. This demonstrate that the circular structure improves the performance
of the membranes.
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Figure 5.7: (a) Fundamental frequency f as a function of diameter D for
the devices by Barton et al. The red line is a fit to the data revealing f ∝
D−0.9±0.1 . (b) Quality factor of these graphene membranes as a function of
diameter. The red line is a fit to the data revealing Q ∝ 1.1 ± 0.1. Inset, the
highest quality factor peak observed with a Lorentzian fit revealing Q = 2400
at room temperature. (c) Quality factor as a function of frequency for the same
devices plotted in (a) and (b).

5.1.2

Silicon Nitride (Si3 N4 ) resonators

Over the past 5 years a new class of nano mechanical resonators showed unexpected properties: ultra-thin squared or circular membranes made of silicon nitride (Si3 N4 ) have been explored because of their ultra-high mechanical quality
factors at room temperature and low spring constants [58, 59]. A 15 nm thick
silicon nitride membrane can have a Q-factor up to 4.4 106 , exceeding the one
of a graphene sheet of about 2 orders of magnitude. However, because of the
insulating nature of silicon nitride, some of the most desirable characteristics of
these resonators can only be transduced optically [60]. Unfortunately, deposition
of conventional metals as conducting layers on the membrane degrades the Qfactor by more than a factor of 4 for only 5 nm of metallic deposition, and even
more severely for thicker layers. Therefore, there has been a strong motivation
to identify conducting materials that do not impact the quality factor. In order
to not modify the dissipation rate, the metallic coating needs to be much thinner
than the Si3 N4 film, which is generally less than 20 nm.
In 2009 Lee et al. found a solution demonstrating that graphene could be an
ideal conductive coating for Si3 N4 membranes: a single graphene layer is so thin
that the mechanical properties of the membranes are preserved. Furthermore,
the graphene coating allows electrical actuation and detection of Si3 N4 resonators
both in the capacitive readout scheme as well as in the direct detection scheme
based on transconductance of graphene [58]. In addition, electrostatic tuning
of the resonant frequency close to 10% was observed. In other words an hybrid
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Figure 5.8: A typical structural arrangement of a Si3 N4 resonator [61].

Figure 5.9: Frequency responce of a Si3 N4 resonator [61].

graphene/nitride device could show the electrical properties of graphene combined
with the superior mechanical performance of silicon nitride.
Soon, other groups have started to work on these devices [61, 62]. A typical
structural arrangement of these resonators is shown in Fig. 5.8, while Fig. 5.9
depicts its frequency response. The graphene coating reduce the quality factor of
the device only of the 30%.

5.2

Piezoelectricity in 2D materials

Capacitive effects and transconductance properties of these resonators enable an
electric readout of their vibrational state, but there is no doubt that everything
would be easier if these two-dimensional materials had piezoelectric properties as
well as the QTF.
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Coaxing graphene to be piezoelectric

Due to its amazing mechanical properties, it would be great if graphene were also
piezoelectric. Anyway, as said in Chapter 2, the key characteristic of piezoelectric
materials is the lack of an inversion center. Actually graphene exhibits a inversion
symmetry, and thus, is not intrinsically piezoelectric. However, the possibility of
using graphene is so attractive that to date a couple of theoretical solution have
been proposed to break this symmetry and induce piezoelectricity in a graphene
sheet by the introduction of specific in-plane defects or through atom adsorption.
The first one arrives from the University of Houston by the group of prof. Chandratre and it is incredibly simple: using quantum mechanical calculations, they
showed that by creating holes of the right symmetry, graphene can be coaxed
to act as a piezoelectric material [63]. Indeed asymmetric holes can perturb the
structure of graphene, opening an energy gap and bringing it to a semiconducting
or insulating state and depriving the sheet of a center of inversion (Fig. 5.10). In
particular, triangular holes cause a piezoelectricity coefficient of 0.124 C/m2 , that
is nearly 72% of the one of quartz or 36% of boron nitride nanotubes. Obiously
circular holes preserve the inversion and are unsuitable for this aim.
The experimental realization of this concept does not seem far, since further studies
proved that tailored porosity may be induced in graphene through electron-beam
irradiation [64]. For instance, Fischbein et al. succeeded in the creation of circular
hole or slits that are stable and do not evolve over time using a TEM electron
gun with a current density of 1 pA/nm2 and an exposition time of 5 seconds.
Moreover, far from the holes the sheet preserves its structure and thus its electric
properties (Fig. 5.11).
Another possibility has been proposed by Ong and Reed from Stanford University. They demonstrated that piezoelectricity can be engineered into graphene by
chemical doping, as a result of the breaking of the inversion symmetry. This can
be accomplished by the adsorption of atoms on the surface of graphene only on
one side [65]. Ong and Reed used the density functional theory (DFT) to calculate the stress and strain piezoelectric coefficients for a variety of experimentally
realizable adsorbed atoms (K, Li, F, ...) on graphene and compare them to other
piezoelectric materials (Fig. 5.12). They observed that the pattern of the atomic
absorption on the sheet influences the piezoelectric efficiency and that in spite
of graphene’s 2D nature, piezoelectric magnitudes are found to be comparable
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Figure 5.10: Upper: Band structure of the GNR with triangular holes. The
band gap highlights dielectric behaviour. Lower: The development of polarization for triangular-hole-graphene sheet under the action of strain [63].

Figure 5.11: TEM images of a suspended graphene sheet is shown (a) before
and (b) after a nanopore is made by electron beam ablation (Scale bar 50 nm).
(c) Higher magnification image of the nanopore (Scale bar 2 nm). (d) Multiple
nanopores made in close proximity to each other (Scale bar 5 nm). (e) Two 6
nm lines cut into a graphene sheet (Scale bar 20 nm). (f) Electron irradiation is
continued to create a 5 nm wide bridge (Scale bar 10 nm). (g) Higher resolution
of the bridge shows clear atomic order (Scale bar 5 nm). (h) Small gap opened
in the nanobridge by additional electron irradiation (Scale bar 5 nm) [64].
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Figure 5.12: Calculation of the piezoelectric properties of graphene after the
absorption of different atomic species [65]. a) An external electric field applied
perpendicular to the graphene sheet induces strain in the plane of the sheet.
This results in a linear relationship between the electric field and strain at low
fields, the slope of which gives the d31 piezoelectric coefficient. b) Applying an
in-plane strain to graphene induces a change in the polarization perpendicular
to the sheet. At low strains, this relationship is linear.

to those in 3D piezoelectric crystals. Unfortunately, the electric field generated is
perpendicular to the graphene sheet and thus it is not easly experimentally usable.
The control of the doping techniques of graphene required to achieve these have
been demonstrated in recent experiments. In 2009 Sessi et al. demonstrated the
reversible and local modification of the electronic properties of graphene by the
absorption of hydrogen atoms on one side of the sheet and subsequent electronstimulated hydrogen desorption with an scanning tunnelling microscope (STM)
tip (Fig. 5.13) [66]. With these technique they were able to sculpt pattern at the
nanometric dimensions, as required by Ong and Reed.
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Figure 5.13: Reversible and local modification of the electronic properties of
graphene by the absorption of hydrogen atoms on one side on the sheet and
subsequent electron-stimulated hydrogen desorption with an STM tip [66]. a)
This STM image shows an increasing graphene pattern width as a function
of increasing positive sample bias. b) To illustrate the level of control over the
graphene writing, Sessi et al. patterned their institutional logo with a line width
of 5 nm.

5.2.2

Intrinsic piezoelectricity in 2D materials:
Boron Nitride (BN) and Transition Metal Dichalcogenides (TMDC)

Even if graphene is the most studied of all nanomaterials, graphite is not the only
layered crystal that is possible to isolate in the form of monolayer sheets. At
least other two family of crystals have the same property and have gained the
attention of the scientific community. They are the hexagonal Boron Nitride (BN)
and the family the so-called Transition Metal Dichalcogenide (TMDC), which are
compounds of O, S, Se and Te with a transition metal (i.e. M oS2 , M oSe2 , M oT e2 ,
W S2 , W Se2 and W T e). The bulk form of these crystals is not piezoelectric, but as
depicted in Fig. (5.14) the monolayer form does not have an inversion center and,
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Figure 5.14: Top view and side view of BN (on the left) and M oS2 ()on
the right) monolayer. In the 2D form these crystals do not exhibit a centre of
inversion [67].

Figure 5.15: Left: Piezoelectricity in transition metal dichalcogenides
(TMDC). Right: Comparison between the piezoelectric coefficients of TMDC
and the ones of tradition piezoelectric crystals.

as a consequence, the third-rank piezoelectric tensor may differ from zero. This
property does not need to be engineered, because it is intrinsic of these crystals.
In 2012 Duerloo et al. studied the piezoelectric coefficients of these crystals and
compared them with the well-known coefficient of crystal such as quartz and GaN,
through a theoretical approch which relies on the density functional theory. Thier
results are shown in Fig. 5.15 [67].
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Figure 5.16: Flexoelectricity in BN bilayer [68]. The inner sheet of BN will
experience a negative strain, while the outer one a positive strain: this strain
gradient generates a polarization through the flexoelectric effect.

5.2.3

Flexoelectricity in BN bilayers

An alternative approach to the problem can be introduced whether we conduct
a more detailed analysis of the physics behind the piezoelectric effect. Indeed,
if we compute a Taylor series expansion of the funtional relationship between
polarization and strain untill the second order, we can write:
Pi = dijk jk + fijkl

∂jk
∂xl

(5.4)

where dijk are the well-know piezoelectric coefficients and fijkl are the so-called
flexoelectric coefficients. While dijk is a third rank tensor and it has to vanish in
centro-simmetrical crystal, fijkl is a fourth rank tensor and it can be different from
zero. Thus a non uniform strain can induce a polarization of the crystal even in a
centrosymmetric material. Since the flexoelectric effect arises from a term of order
higher than the first, one might expect that its contribution is very small, but
some researchers have shown through theoretical calculations that flexoelectricity
could play an important role in signal transduction.
The symmetry properties of the bulk boron nitride (BN) ensure that it is not
piezoelectric, whereas an atomically thin BN layer losses the inversion symmetry
and do show piezoelectricity. This is true only for the monolayer, indeed the bilayer shows again a centre of inversion. This unusual electromechanical property
in the few layer regime suggested Duerloo et al. [68] to examine the situation
with more attention. They have shown that bilayers consisting of two BN monolayers exhibit a strong mechanical coupling between curvature and electric fields.
Indeed, as depicted in Fig. (5.16), if we bend a bilayer, the inner sheet of BN
will experience a negative strain, while the outer one a positive strain: this strain
gradient generates a polarization through the flexoelectric effect. The result is an
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Figure 5.17: Schematic of a possible PA sensor which employs a 2D membrane
as a mechanical resonators.

electromechanical coupling 103 − 104 stronger than the one of a BN monolayer.
Even if the experimental realization of such a complex device is still far (we recall
that the system will work only in the two layer regime, thus a total control on the
growing process is required), it is fundamental to go deeper into the discovery of
these novel property of nanomaterial.

5.3

Towards a PA nanosensor: open problems
and perspectives

After this digression, let us return to the world of photoacoustic spectroscopy and
try to understand how these devices can be integrated into a PA sensor. Taking
inspiration from the Off-beam QEPAS scheme described in Chapter 2, one could
imagine to realize a device like the one shown in the Fig. 5.17. A laser beam is
focused inside a tube microresonator, where the interaction with the gas target
molecules produces a sound wave through the PA effect. A hole in the tube
allows sound waves to escape and reach a resonant membrane such as those of the
previous sections. Via one of the transduction mechanisms proposed, the vibration
of these membranes can be captured and converted into electric signal. The rest
of the experimental apparatus can be borrowed from any PAS experiment, for
example the one described in chapter 3. If we consider the extremely low mass
and thickness of the membranes proposed, in comparison with the much more
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Figure 5.18: Left: schematics of the graphene-based speaker [70]. A graphene
diaphragm, biased by a DC source, is suspended between two perforated electrodes driven at opposite polarity. The varying electrostatic force drives the
graphene diaphragm which in turn disturbs air and emits sound through the
electrodes. Right: images of (a) 7 mm diameter graphene diaphragm suspended across annular support frame, (b) actuating electrodes, and (c) assembled speaker.

imposing structure of a QTF, it is easy to expect that such a device would be
capable of a great sensitivity.
However, today two main problems still prevent the use of these membranes in PA
spectroscopy: the high resonance frequencies and the rapid decrease of the quality
factor when approaching atmospheric pressure. Among the devices analyzed, the
greatest ones have resonance in ≈ 200 kHz range, which usually exceeds the rate
of relaxation of gaseous species of interest. Indeed, in order to enhance the PA
signal it would be preferable to work between 1 − 30 kHz or even better at lower
frequencies. To solve the problem we should implement larger membranes and
manufacturing techniques that allow to keep low the number of defects, considering
the size. In addition, one might expect that a better quality membrane preserves
its Q-factor in different working conditions. The shape of the membranes may
play an important role too. Realizing rectangular membranes clamped on two of
the four sides is relatively easier than building fully clamped circular membranes,
but experimental studies have shown that circular membranes could have higher
Q-factor (up to a factor 103 ) and less spurious resonances (the fully clamped
structure provides stronger boundary conditions) [69]. This is not difficult to
understand if we just think about our everyday experience: from thousands of
years percussion instruments with circular shapes (timpani, drums, snares, ...)
have been prefered respect to the rectangular ones due to their better resonance
properties. Today, unfortunately, scientists have not yet managed to dominate the
manufacturing techniques required and these membranes typically have a higher
number of defects which makes them uncompetitive compared to the first ones.
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While the use of graphene sheet to convert an acoustic wave into an electric signal seems still a distant goal, the opposite (i.e. the conversion of an electrical
signal into a sound wave) has been recently realized by a group of researchers of
the University of California. They succeeded in the creation of an electrostatic
graphene loudspeaker/earphone, which has excellent frequency response across
the entire audio frequency range (20Hz–20kHz) and performance comparable with
the ones of traditional audio earphones [70]. The resonators presented previously,
usually yields operation in the MHz range, unsuitable for loudspeaker application.
However, the resonance frequency can be significantly reduced by increasing the
graphene suspended membrane diameter. Indeed, the loudspeaker is made of a
7 mm large, 30 nm thin graphene sheet (thus it is not a monolayer), that was
attached to a circular frame between two metallic electrodes (Fig. 5.18). The
mechanism of operation is simple: using a voltage generator the graphene sheet
is DC biased, thus when the two driving electrodes are driven with opposite polarity, the generated electric field forces the vibration of the sheet. Moreover, the
researchers suggested that the described configuration could also serve as a microphone with optimum response characteristics due to the ultra-low mass of the
graphene sheet. It should be noted that this membrane has a resonance spectrum
almost flat in a very wide range and as a consequence a very low quality factor,
which is perfect for audio applications, but not for gas sensing.

Conclusions
The core topic of this thesis has been the use quartz enhanced photoacoustic
spectroscopy for the detection of trace gases.
After a description of photoacoustic effect and of the electromechanical properties
of a quartz tuning fork, we presented a QEPAS experiment for the detection of
SF6 . We employed an EC-QCL operating at 10.55 µm and a standard quartz
tuning fork (QFT). Moreover a microresonator has been placed next to the prongs
of the QTF to enhance the acoustic signal. With respect to a traditional QEPAS
apparatus this work added the use of an innovative mid-IR hollow core fiber with
Ag/AgI internal coatings and a core size of 300 µm. These fibers has the unique
property of improving the the laser beam profile and therefore allow a better
focusing of the beam. This contributed to the sensitivity of the apparatus since
the light blocked by the QTF creates an undesirable resonant noise which can not
be filtered with the lock-in amplifier.
Before proceeding, we carried out a characterization of the laser source and an
optimization of both the working pressure and amplitude of modulation of the
QCL current. The concentration measurements were conducted for two adjacent
spectral regions, but the best results were achieved for the one between 947.8 −
948.0 cm−1 . Here the sensor shows a linear behaviour from 10 ppm to 132 ppb
of concentration of SF6 . The coefficient of proportionality between the QEPAS
signal and concentration was found to be 0.020 mV /ppb. The minimum sensitivity
of the apparatus was 2.75 ppb of SF6 with 1s of integration of the signal, which
corresponds to only 5 104 SF6 molecule.
The development of new and powerful light sources may be the easiest way to
improve the sensor sensitivity, but as proposed by several group an optimization
of the entire apparatus should be pursued. In the coming years, a careful design
of innovative QTFs, a more performing electronics and the use of optical cavities
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could increase the sensitivity of this technique towards the limit of a few molecules
detection.
Finally, we have taken a look to the future, exploring the world of nano electromechanical resonators. The aim of this critical review part of the thesis is to
investigate the physical limits of these resonators potentially employed in a PAS
apparatus. We analyzed their electrical and mechanical properties and discussed
transduction techniques based on the piezoelectric properties of two-dimensional
materials such as graphene or metal dichalcogenides. Actually, the resonance
frequencies in the MHz range and the drastic drop in Q-factors when getting closer
to room temperature keep these novel resonators far from PA application, but their
nanoscopic dimensions may be one possible development of the miniaturization
trend started by the substitution of macroscopic cells with tiny quartz tuning
forks.
Today QEPAS spectroscopy is a field of research in great expansion and many new
ideas promise great success in the context of gas sensing.

Appendix A
Lock-in amplifier
A lock-in amplifier [71, 72] is a laboratory instrument used to detect and measure
very small ac signal (down to a few nanovolts). Accurate measurements may be
made even if the small signal is obscured by noise sources many thousands of times
larger.
Lock-in amplifiers use a technique known as phase-sensitive detection to single
out the component of the signal at a specific reference frequency and phase. Noise
signals, at frequencies and phase other than the reference frequency, are filtered
and do not affect the measurement.

A.1

How to realize a lock-in amplifier

The aim of a lock-in amplifier is to measure the amplitude V0 of a sinusoidal voltage
signal:
Vin (t) = V0 cos(ω0 t)

(A.1)

Lock-in measurements require a reference input voltage synchronous with the signal whose amplitude has to be measured. Typically, an experiment is excited at a
fixed frequency (from an oscillator or function generator), and the lock-in detects
the response from the experiment at the reference, ignoring everything that is not
synchronized with it.
The block diagram of a lock-in amplifier is shown in Fig. A.1. The lock-in consists
of 5 stages.
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Figure A.1: Block diagram of a lock-in amplifier.

1) AC amplifier. This is simply a voltage amplifier combined with variable filters
(with Q-factor in the range 10 - 100).
2) Voltage Controlled Oscillator (VCO). It is an oscillator that can synchronize with an external reference signal both in phase and in frequency. Some lock-in
amplifier contain a complete oscillator and do not need the reference signal. The
VCO usually contains a phase shifting circuit that allows the user to shift its signal
phase from 0 to 2π respect to the reference
3) Phase sensitive detector. It is a circuit which takes in two voltage as input
V1 and V2 and produces an output which is the product V1∗ V2 (i.e. it is very
similar to a multiplier circuit).
4) Low pass filter. It is an RC filter, whose time constant can be varied by the
user.
5) DC amplifier. It is a low frequency amplifier.

A.2

How a lock-in amplifier works

Following the signal path shown in Fig.A.1, Vin is sent into the signal channel
input and amplified by the ac amplifier. Placing filters in the ac amplifier is it
possible to amplify only a narrow band of frequency around f0 = ω0 /2π, which is
the one we are interested in. Let us call Gac the voltage gain of the ac amplifier,
then the output of the ac amplifier, which will become one of the two inputs of
the PSD (multiplier stage) is:
Vac (t) = Gac V0 cos(ω0 t)

(A.2)
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A multiplier produces an output voltage that is the product of the voltages at
its two inputs. The two multiplicands are the output of the ac amplifier and the
voltage VV CO given by the voltage controlled oscillator.
VV CO (t) = E0 cos(ωV CO t + ψ)

(A.3)

When two sinusoidal signals at frquency f1 and f2 are multiplied, their product
may be represented by the sum of two new sinusoids, one having a frequency equal
to the sum f1 + f2 and the other at the difference f1 − f2 . As a consequence the
output of the PSD will be:
VP SD = Vac VV CO (t) = Gac V0 E0 cos(ω0 t) cos(ωV CO t + ψ) =
1
= Gac V0 E0 ( cos([ω0 + ωV CO ]t + ψ) + cos([ω0 − ωV CO ]t − ψ))
2

(A.4)

Thus PSD output is made of two ac signals, one at the difference frequency (ω0 −
ωV CO ) and the other at the sum frequency (ω0 + ωV CO ). If the PSD output is
passed through a low pass filter, the ac signals are removed and in the general
case the complete signal will be filtered. However, if ω0 = ωV CO , the difference
frequency component will be a dc signal. In this case, the filtered PSD output will
be:
VP SD (t) = Gac V0 E0 cos(ω0 t) cos(ω0 t + ψ)

(A.5)

For simplicity, assume that the VCO output is in phase with the signal that is
being measured, i.e. ψ = 0 (the case ψ 6= 0 will be analyzed in the next section).
Using a well-known trigonometric identity, we may write:
1
VP SD (t) = Gac V0 E0 [1 + cos(2ω0 t)]
2

(A.6)

The amplitude of the second harmonic and the dc voltage are both proportional
to V0 , therefore we can throw away the information at 2f0 and concentrate only
on the dc component. This is done by sending the PSD output in a low-pass filter,
which will strongly attenuate the second harmonic component of the signal. The
output of the low-pass filter is then amplified further by the dc amplifier. The
final output voltage is a dc voltage directly proportional to the amplitude V0 we
were trying to measure:
1
Vout (t) = Gac V0 E0
2
where Gdc is the gain of the dc amplifier.

(A.7)
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It is important to underline that the low-pass filter has not only the merit of having
eliminated the second harmonic component, but it is also an integrator stage and
hence much of the random noise in the dc output of the multiplier will integrate
to zero.

A.3

Magnitude and Phase

Let us consider the general case ψ 6= 0 in eq. A.5. Using the trigonometric product
to sum identity for cosine, we may write:
1
VP SD (t) = Gac V0 E0 [cos(ψ) + cos(2ω0 t + ψ)]
2

(A.8)

Therefore the PSD dc output is now proportional to V0 cos(ψ), where ψ is the
phase difference between the signal and the lock-in reference oscillator and it is
constant in time. By adjusting ψ with the phase shifting circuit of the VCO, we
π
can make it equal to zero and measure V0 (cos ψ = 1). Conversely, if ψ is , there
2
will be no output at all. A lock-in with a single PSD is called a single-phase lock-in
and its output is V0 cos ψ. This phase dependency can be eliminated by adding a
second PSD in parallel to the first, which multiplies the signal with the reference
π
oscillator shifted by :
2

π
VV CO2 (t) = E0 cos ω0 t + ψ +
(A.9)
2
and the low pass filtered output will be:
h 

π
1
π i
VP SD2 (t) = Gac V0 E0 cos ψ +
+ cos 2ω0 t + ψ +
=
2
2
2
1
= Gac V0 E0 [sin (ψ) + sin (2ω0 t + ψ)]
2

(A.10)

whose dc component is proportional to V0 sin(ψ). Now we have two outputs: one
proportional to cos ψ and the other proportional to sin ψ. Usually, the first output
X is called and the second Y:
X = V0 cos ψ

Y = V0 sin ψ

(A.11)
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These two quantities represent the signal as a vector relative to the lock-in reference
oscillator. X is called the in-phase component and Y the quadrature component.
This is because when ψ = 0, X measures the signal while Y is zero.
The phase dependency is removed by computing the magnitude (R) of the signal
vector:
R=

√

X 2 + Y 2 = V0

(A.12)

R measures the signal amplitude and does not depend upon the phase between
the signal and lock-in reference. A dual-phase lock-in has two PSDs with reference
π
apart, and can measure X, Y and R directly. In addition, we can
oscillators
2
always recover the phase between the signal and lock-in as:
ψ = tan−1 (Y /X)

(A.13)

We conclude by observing that lock-in amplifiers, as a general rule, display the
input signal in volts rms. When a lock-in displays a magnitude of 1V (rms), the
component of the input signal (at the reference frequency) is a sine wave with an
√
amplitude of 1Vrms , or 2 2Vpp = 2.8Vpp .

Appendix B
Allan variance analysis
The Allan variance analysis is a statistical tool used to evaluate the frequency
stability of a resonator. In principle, the signal from a perfectly stable system could
be averaged infinitely in order to reduce the influence of noise on the measured
signal and as a consequence extremely high sensibility could be achieved, albeit
through very long data acquisitions. Actually real systems are stable only for
a limited time and thus they must exhibit an optimum averaging time, which
is characteristic of the entire measurement apparatus and determined by drifts
from stability such as temperature, pressure, current and laser power variations,
alignment instabilities and aging of the resonator. An experimental evaluation
of the optimum integration time is prohibitive because of the great time that one
should spend for these kind of measurements and then it is useful to find an answer
through the use of the Allan variance analysis, which was first introduced in a gas
sensing experiment by Werle in 1993 [73].

B.1

Mathematical description of the Allan variance

For a formal description of the stability of the apparatus we assume to have made
N measurements of the signal from the experiment. Each measure is represented
by xi , i = 1...N (with N ≈ 103 − 104 ). Such a data set can be modeled using the
equation:
xi = a + bi + G(a)
113

(B.1)
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Figure B.1: a) Simulated concentration time series data containing white noise
and a linear negative drift; b) The subgroup averages of data; c) The subgroup
averages of data with the special choice M=2.

where a is a DC offset, b is the coefficient for a linear drift (temperature or pressure
drift and so on) and G(a) is a gaussian distributed white noise. The data set is
shown in Fig.B.1.a and it can be described by its average value A and the variance
σ 2 , which are defined by :
A=

N
1 X
xi
N k=1

N

σ2 =

1 X
(xi − A)2
N − 1 k=1

(B.2)

The variance of the mean is given by:
σA2

σ2
=
N

(B.3)

In general, the N elements of the original data set can be divided into M subsets
containing k elements each, where M = N/k. As usual, for each of these M
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subgroups we can calculate an average value An , and a variance σn2 (n=1..M):
k

k

1X
An =
x(n−1)k+l
k l=1

σn2

1 X
=
(x(n−1)k+l − An )2
k − 1 l=1

(B.4)

The variance of the mean is again given by:
σA2 n =

σn2
k

(B.5)

where n denotes the subgroup number and k is the number of elements in the subgroup nth . These subgroups and their charateristics are represented in Fig.B.1.b.
It is easy to notice that the subgroup averages show a significant drift during time.
Through the use of some statistical tests (F-test, t-test), it is possible to determine
whether two subsequent averages can be further averaged, but the analysis of a
great amount of data can require a lot of time and it would be convenient to find
a more efficient method to determine the optimum averaging group size (i.e. the
optimum integration time).
We begin defining the variance of the subgroup average distribution (i.e. the
distribution of the An ) and recalling from eq. B.3 the definition of variance of the
mean σA :
M

σ 2 (M, T, τ ) =

1 X
(An − A)2
M − 1 n=1

σA2 =

σ 2 (M, T, τ )
N

(B.6)

where M = N/k is the number of groups used in obtaining a sample variance, T
is the time interval between the beginning of two successive measurements and τ
is the integration time.
For convenience, we will consider the special case M = 2, k = N/2 (Fig. B.1.c),
indeed in this circumstance it is easier to perform calculations. Eq. B.6 becomes:
2

1 X
σ (2, T, τ ) =
(An − A)2 =
2 − 1 n=1
2

(B.7)

1
2
= (A2 − A1 )2 ≡ σAllan
2
2
where σAllan
is called “Allan variance” and was introduced by Allan in 1966 for the

characterization of frequency standards. Thus the Allan variance gives us information about how the apparatus has changed during the measurement operation.
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Usually σAllan is called “Allan deviation”.
However, to characterize the experimental setup, a single value for the Allan variance is not enough. We have to calculate the expected value for the Allan variance
from a set of m0 independent measurements and thus obtain a more precise evaluation of the detection limit. For this purpose, we will suppose to deal with an
ergodic system (i.e. the average over time has the same behavior as the average
of the results of many other similar systems). Therefore, the ensemble average
2
2
>t and it is convenient
> may be replaced by the time average < σAllan
< σAllan

simply because repeating a measure is easier than building other experimental
setups. Thus the mean value of the Allan variance can be written as:

m

<

2
σAllan

1 X
>t =
[(As+1 (k) − As (k))]2
2m s=1
k

1X
As (k) =
x(s−1)k+l
k l=1

(B.8)

s = 1, ..., m; m = m0 − 1
2
< σAllan
>t is usually plotted against the averaging factor k on a log-log graph

called Allan plot. If we assume that the data are collected over a constant time
interval ∆t, then the time τ = k∆t is equivalent to the integration time (indeed
we are considering sub averages of k experimental point acquired in a total time
τ ). Thus the final result is a plot in which the noise (how the system changes
during the measure) of the apparatus is plotted agaist the integration time.
Obviously this noise determines the minimum detectable signal and thus the minimun detectable concentration in a QEPAS experiment. In fact, the lowest acceptable signal produced by the sensor should be about 3 times higher than the
noise (SN R = 3).
There is no doubt that the noise is a function of integration time, but probably
it is appropriate to briefly explore this argument. In particular, noise components
which have different origin correspond to different integration times. The analysis
of this noise allows to draw a diagram like that of the Fig. B.2, which gives us the
possibility to understand which is the expected trend of the Allan variance. At
short integration time, the more the integration time, the less the noise, but this is
no longer true if we exceed the so-called flicker floor, indeed we may think that the
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Figure B.2: Noise components of the Allan deviation as a function of the
integration time.

drift influence begins to dominate beyond a particular integration time. Hence,
for the first part of the Allan plot we expect that the noise decreases rapidly as
τ −1 , moves to a slower trend (τ −1/2 ) and then rises (τ 1/2 ). The specific values of
the integration time for which these transitions occur depend on the experimental
apparatus under examination, but the depicted behavior is generally observed.

B.2

Allan analysis in a QEPAS experiment

Let us now try to apply what we have learned to the case of our QEPAS sensor.
First of all, we rewrite the definition dell’Allan variance in a more explicit form:
2
< σAllan
> (τ ) =

1
< (sk+1 − sk )2 >
2

(B.9)

where sk is the QEPAS signal measure at the time tk = t0 + kτ and τ is the
selected integration time. The symbol < . > denotes a time average over a great
number of (sk+1 − sk ) couple. In general, a good estimate requires about m > 100
measurements. Thus, we can write:
m

<

2
σAllan

1 X
> (τ ) =
(sk+1 − sk )2
2m k=1

(B.10)

m > 100
During the experiment, we have acquired the QEPAS signal for pure N2 (i.e. the
noise) for a period of about 3 hours (B.3). The data set was filtered in a very
low frequency range (< 10mHz) to remove part of the noise due to the lock-in
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Figure B.3: High-pass filtered (10 mHz) QEPAS signal in pure N2 . Only the
first hour of acquisition is shown.

amplifier, and then it was processed with a labview-base software. The software
just applies the definition given above (varying τ between 0.1 and 500 seconds)
and provides the Allan variance (i.e. the noise characteristic of the measurement
system expressed in mV) as a function of the integration time.
To evaluate the minimum sensitivity we have to convert the noise (mV) in equivalent concentration of SF6 (i.e. the gas target) in pure N2 . At this stage the information provided by the sensor calibration become necessary. Indeed, in Chapter
4 we have shown that for our SF6 sensor the following relation holds:
S = aC

(B.11)

where S is the QEPAS signal [mV], C is the SF6 concentration [ppb] and the
coefficient a = 0.082 mV /ppb. The results of this analysis are illustrated in Fig.
B.4. For instance, for an integration time of 1 s, the concentration of SF6 that
produces a signal equal to the noise is 2.75 ppb.
We conclude by observing that, for practical reasons, it makes no sense to give
values of the minimum detectable conentration for integration time values greater
than 5-10 s, because the measure would be too long for any practical usa as sensor.
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Conversion)factor)
0.020)mV/ppb

Figure B.4: Allan plot for the experimental data collected during the detection
of SF6 . Left: Allan variance (i.e. noise on the measurement apparatus) as a
function of the integration time. Right: Same plot, but the noise has been
converted in equivalent concentration of SF6 using the sensor calibration shown
in Chapter 4.
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A LabVIEW software for the
management of flow controllers
The flow controllers are laboratory instruments able to adjust the gas flow that
passes through them. In other words, they allow to determine the volume of gas
that passes from the nozzle of the flow controller per unit time [ml/min or equivalently cm3 /min]. In our laboratory there are 8 flow controllers 5850s series from
Brooks Instruments (Fig. C.1) powered and managed by a Central Control Unit
(CCU), which in turn allows communication with a personal computer through a
RS232 serial port. The communication line is shown in Fig. C.2.
We plan to write a LabVIEW software, which can communicate simultaneously
with two flow controllers, manage their operation and extract the information
provided by the sensors within the devices.
In the following, the term SetPoint will indicate the percentage of flow passing
through the flow controller with respect to the maximum allowed. So, for example,
if the SetPoint is set to the 100%, the flow controller let pass the maximum volume
of gas permitted, while if it is equal to 0% the flow controller is closed and the
flow is null.
Before starting, it was necessary to realize a simple software, which will not be
described, that was capable of extracting the ID numbers of the flow controllers,
so as we will be able to distinguish them in the later stages.
The program is based on the use of 4 sub-VI provided by Brooks Intruments,
which are called:
121
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Figure C.1: Flow controllers used in the experiment.

Figure C.2: Communication line between the flow controllers and a personal
computer. CCU = Central Control Unit

• ReadFlow ;
• ReadGasData;
• WriteSetPoint;
• ReadSetPoint.
RealFlow allows to read the flow of gas currently in transit through the flow
controller, ReadGasData extracts the pressure, density and temperature of the
gas of interest by the sensors within the device, WriteSetPoint sets the desired
value for the SetPoint and finally ReadSetPoint returns the value of the SetPoint
selected previously. In order to integrate them into a single software, we had to
modify some parameters of these VIs and enable thier use as sub-VIs.
The graphic code employed is shown in Fig.C.3 and in Fig. C.4.
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The various stages of the software are controlled temporally by a flat sequence
structure and can be summarized as follows:
1. Selection of the flow controller that one wants to manage;
2. Cyclic monitoring of the characteristics of the device;
3. Setting of the desired gas flow;
4. End of the software and subsequent closure of all flow controllers in use.
The choice of the flow controller occurs through the selection of its TAG number.
A case structure contains in memory the ID numbers obtained previously for all
the flow controllers and communicates them to the next VIs.
The cyclical monitoring of the characteristics of the device has been realized
through a while cycle, which recalls the ReadFlow, ReadGasData and ReadSetPoint sub-VI with a frequency of 5 Hz. The same cycle contains a case structure,
which enables them WriteSetPoint VI at the request of the the user and thus
allows to control the flow of gas.
At the end of while the WriteSetPoint VI forces the closure of the nozzles of the
flow controllers.
Since the port used is a serial (RS232), to prevent communication problems in
the case one wants to manage two flow controller simultaneously, the program has
been constructed in such a way that the transfer of information between computers
and each of the flow controllers occurs at different instants and with a pause of 200
ms between them. This has been implemented through the use of a flat sequence
structure and time delay VI.
The front panel of the software is shown in Fig. C.5. On the top of the panel we
can find several controls and indicators that allows to manage and visualize the
characteristics of the flow controller that governs the gas main (selectable via a
drop down menu). To determine the SetPoint one has to write the desired value in
the SetPoint window and press the OK button. Cyclically, the software monitors
the operation of the flow controller and displays its characteristics of graphs and
indicators. Every part of the process has comments, which help the user the reason
behind any communication errors during the operations.
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The whole thing is repeated for a second flow controller, which is also selectable
via a drop down menu and is designed to manage the flow of the gas target.
Finally at the bottom is provided a window which, starting from the concentration
of the gas of interest in the gas tank, determines its concentration in the current
flow conditions.
To exit from the software the user should just press the STOP button on the lower
part of the page. This will result in the immediate closure of all flow controllers.
A very similar version of the program has been designed to enable the management
of 3 flow controllers simultaneously. Its front panel is shown in Fig. C.6
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Figure C.5: Front panel of the realized software.

127

128

Appendix C. A LabVIEW software for the management of flow controllers

Figure C.6: Front panel of the realized software for the management of 3 flow
controllers at the same time.
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