
*vincenzoluigi.spagnolo@poliba.it; phone 39 080 544-2373; fax 39 080 544-2219; poliba.it. 

 

Innovative quartz enhanced photoacoustic sensors for trace gas 

detection 
 

Vincenzo Spagnolo*a, Pietro Patimiscoa,b, Angelo Sampaoloa,b, Marilena Giglioa, Lei Dongc, Gaetano 

Scamarcioa, Frank K. Tittelb 

aDipartimento Interateneo di Fisica, Università e Politecnico di Bari, CNR-IFN BARI, Via 

Amendola 173, Bari, Italy; bDepartment of Electrical and Computer Engineering, Rice University, 

6100 Main Street, Houston, TX 77005, USA; cState Key Laboratory of Quantum Optics and 

Quantum Optics Devices, Institute of Laser Spectroscopy, Shanxi University, Taiyuan 030006, 

China 

ABSTRACT   

A detailed analysis of the quality factor, the resonance frequency and the electrical resistance of custom quartz tuning forks 

(QTFs) having different geometrical parameters is reported. We implemented custom QTFs in a quartz enhanced 

photoacoustic sensor targeting water vapor detection and compared the fundamental and first overtone flexural modes gas 

sensor performances.  
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1. INTRODUCTION  

Quartz-enhanced photoacoustic spectroscopy (QEPAS) is an effective technique that allows selective and sensitive 

measurements of trace gases in an ultra-small acoustic detection module (ADM) with a total sample volume of only a few 

cm³ [1-4]. This technique is based on the photoacoustic (PA) effect, where the absorption of the modulated laser radiation 

by gas molecules causes periodic heating of the chemical species. The heating results in thermal expansion and  leads to a 

pressure change in the targeted trace gas media. In QEPAS systems the generated pressure wave is detected by a quartz 

tuning fork (QTF) acting as sharply resonant piezoelectric transducer. Most QEPAS sensors reported in the literature use 

commercial QTFs having a fundamental in-plane flexural mode resonance frequency at ~ 32.76 kHz and characterized by 

a small volume (prong length L = 3.0 mm, thickness T = 0.35 mm and a typical crystal width w = 0.34 mm) with a prongs 

spacing of 300 µm. These QTFs were originally designed for time measurements. The prongs geometry and crystal cut 

were optimized to maintain a selected resonance frequency over a wide temperature range and no optimization of the QTF 

size and geometry was pursued for trace gas sensing applications. With the aim of determining the dependence of the QTF 
parameters and performance on their relevant dimensions and identifying the optimal design for optoacoustic gas sensing, 

we designed QTFs with different values of the spacing between the prongs length, width, and crystal thickness [5].  

In this work, we report on the experimental and theoretical analysis of the influence of prongs dimensions on the main 

physical parameters controlling the QTF performance, namely, the quality factor Q, the resonance frequency and the 

electrical resistance. To study the acousto-electric transduction efficiency of the custom QTFs, we implemented them in a 

QEPAS sensor operating in the near-IR spectral range and selected water vapor as the target gas. The QEPAS signals 

obtained using both the fundamental and the first overtone QTFs flexural modes were compared and demonstrated that, 

by an optimized design of the QTF prongs, the overtone vibrational modes can provide higher QEPAS signals [6, 7]. 

2. CUSTOM QUARTZ TUNING FORK 

A z-cut quartz wafer with a 2° rotation along the x-axis, which provides stable frequency at room temperature, was selected 

for the realization of custom QTFs. Standard photolithographic techniques were used to etch the QTFs. Cr and Au patterns 

were photolithographically defined on both sides of the wafer. A three-dimensional crystal structure is generated by 

chemical etching in a hydrogen fluoride solution, and finally side electrodes are applied by means of shadow masks [8]. 

The schematics of the designed QTFs are shown in Fig. 1. In terms of elastic modelling, each prong can be described as a 

single harmonic oscillator and its motion can be described using a one-dimensional model. The resonance frequencies in 

vacuum are given by [9]: 
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 Parameters QTF #1 QTF #2 QTF #3 QTF #4 

L (mm) 3.5 10.0 11.0 17.0 

w (mm) 0.25 0.25 0.25 0.25 

T (mm) 0.2 0.9 0.5 1.0 

Prong spacing (mm) 0.4 0.8 0.6 0.7 

f0, vac 14049.60 7230.24 3456.72 2869.09 

f1, vac 87968.59 45261.30 21639.06 18993.37 
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where ρ = 2650 kg/m3 is the density of quartz, E = 72 GPa is the quartz Young’s modulus, νn=0 = 1.194 for the lowest 

flexural mode of oscillation (fundamental mode) and νn=1 = 2.988 for the first overtone mode. 

 

Fig. 1.  Schematic view of four investigated custom QTFs in the x-z plane view.   

 

The dimensions of the investigated QTFs and the corresponding calculated resonance frequencies are listed in Table I. 

 Table I. Dimensions of four custom tuning forks: L (QTF prong length), T (thickness of the prong), w (thickness of the quartz 
crystal) the spacing between prongs and the calculated resonance frequency for the fundamental (f0) and the first overtone 
mode (f1). 
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2.1 Quartz tuning fork characterization 

To determine the resonance properties of the QTFs, a sinusoidal voltage is applied to the QTFs and its frequency varied 

by means of a function generator. The output current signal passes through a current-to-voltage converter using an 

operational amplifier and the generated voltage is measured by a lock-in amplifier and processed via a data acquisition 

card. The frequency response of the investigated QTFs was obtained with an excitation voltage level of V0 = 0.5 mV.  

The QTF in-phase current components can be written:  
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where f is the driving frequency and IM is the maximum current value at the resonant frequency f0,vac [10]. From the fit of 

the resonance curves, we can extract the resonance frequency of the fundamental flexural mode f0(exp), the current amplitude 

IM at the resonant frequency, the FWHM of the resonant curve Δf, and can calculate the quality factor Q = f0(exp)/ Δf as well 

as the electrical resistance R=V0/IM. A representative frequency-response curve obtained for QTF#1 at a pressure of 100 

torr in standard air is shown in Fig. 2(a). When a QTF operates in a viscous fluid, the effective mass increases and the 

resonance frequency decreases. The resonance frequency scales linearly with the pressure P of the surrounding gas as: 

   Pkff pvac  ,00
         (3) 

where kp = f0,vac·u/(2ρgwT), f0,vac is the QTF resonance frequency in vacuum conditions, u is the added mass due to the 

presence of a fluid and ρg is the fluid density. In addition, fluid damping reduces the resonance quality factor Q, since the 

presence of the gas causes energy dissipation. A fluid damping parameter can be introduced, which is proportional to the 

density ρg and the viscosity η of the fluid. Assuming that P ∝ ρg and η does not change with P, the dependence of Q upon 

the gas pressure P can be described as: 

                

𝑄(𝑃) =
𝑄𝑣𝑎𝑐

1+𝑄𝑣𝑎𝑐∙𝑎∙√𝑃
              (4) 

where Qvac is the quality factor of the QTF under vacuum and a is a parameter related to the QTF geometry and surrounding 

fluid viscosity [11]. 

In Fig. 2b the QTF#1 fundamental mode resonance frequency variation as a function of the surrounding gas pressure is 

reported. From the slope of the linear fit to the data, we obtain the kp parameter, which for QTF#1 is -0.007 Hz/Torr. In 

Fig. 2c, the fundamental mode quality factor Q as a function of the pressure and the best fit obtained by using Eq. (4) is 

described. The QTF electrical resistance R increases as a function of the surrounding gas pressure and in Fig. 2d are shown 

the data obtained for QTF#1. When raising the gas pressure from100 Torr to atmospheric pressure the QTF#1 resistance 

changes from 700 K up to 1300 K. Similar behavior were observed for the other three QTF samples. 

The primary noise source in QEPAS is the thermal noise associated with the QTF at the resonant frequency. The QTF 

thermal noise can be expressed in terms of its root mean square (rms) voltage noise: 

√𝑉𝑟𝑚𝑠
2 = 𝑅𝑔√

4𝑘𝑏𝑇

𝑅
√∆𝑓𝐵        (5) 

where kB is the Boltzmann constant, T is QTF temperature, Rg is the value of the feedback resistor of the operational 

amplifier, ΔfB is the detection bandwidth [12]. From eq. (5) we can determine the QTF noise level. For example, for QTF#1, 

with Rg = 10M, for a signal integration time of 0.1 sec, corresponding to Δf = 1.6675 Hz we estimate a noise level of 2 
µV. 
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Fig. 2.  a) Resonance curves of the QTF#1 current ( symbols) measured at a pressure of 100 Torr in standard air near the 
fundamental oscillation mode. The red curve indicates the best-fit curve using eq. (2). b) QTF#1 resonance frequency (● 
symbols) measured as a function of the standard air pressure for QTF#1. Solid line is the linear fit of the data. c) Quality factor 

Q (● symbols) measured as a function of the standard air pressure for QTF#1. The solid red curve is the best fit obtained using 
Eq. (4). d) QTF#1 resistance measured as a function of the standard air pressure. 

By measuring the QTF noise signal and using an Allan-Werle analysis, we can extract the experimental QTF noise level 

as a function of the lock-in integration time [13,14]. The data measured for the QTF#1 are shown in Fig. 3. At 0.1 sec 

integration time, we measure a noise level of 60,3 µV. Considering that the signal is amplified by a factor of 30 by the 

operational amplifier, our results are in very good agreement with the theoretical estimation. A similar behavior was 

observed also for the other three custom QTFs.  

 

Fig. 3.  Allan deviation plot measured for the QTF#1 dark-noise signal as a function of the integration time. 

 

2.1  First overtone mode of a quartz tuning fork  

The harmonic oscillator model discussed in this work applies also for the higher harmonic resonances of the prong 

vibrations. Hence, let us consider the first overtone mode. Its frequency increases as fvac,1=( ν1/ν0)2·f0,vac  6.25·f0,vac (see 
Eq. (1)). We tested our QTFs at atmospheric pressure and at a fixed excitation level of V = 0.5 mV. The measured frequency 

responses of the first overtone mode for QTF#2 and 4 are shown in Fig. 4. 
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FIG. 4. Resonance curves measured for the first overtone mode of QTF#2 (a) and QTF#4 (b) as a function of the exciting 
frequency, at a voltage level V = 0.5 mV, in standard air and atmospheric pressure. The red curves are the best fits using eq. 
(2). 

 

From these data, we can extract the f1 first overtone resonance frequencies, the current amplitude IM at these frequencies 

and the quality factor Q1. In Table II, we report the resonance frequencies measured for the fundamental and first overtone 

mode and the related quality factors, for the four investigated custom QTFs at a pressure of 100 Torr. 

 

Table II. Measured resonance frequencies for the fundamental (n = 0) and first overtone (n = 1) mode for 4 investigated QTFs.  

 QTF #1 QTF #2 QTF #3 QTF #4 

f0 14020.14 7229.82 3455.86 2868.67 

Q0 9150 20250 9200 12100 

f1 86574.40 44061.35 21500.15 17740.10 

Q1 1650 10770 24530 31370 

 

The discrepancies between experimental and theoretical values are mostly due to the damping of the gas and additional 

weight of the electrode gold layers [9]. 

An important requirement for efficient sound wave generation in QEPAS based sensor systems is to keep fn < 1/2πτ, where 
1/τ is the gas target relaxation rate. QTF resonance frequencies suitable for sensitive QEPAS based trace gas detection 

should be lower than 50 kHz. Electrical tests showed that for QTF#3 and #4 the first overtone vibrational mode provides 

a higher quality factor and increased piezoelectric current peak values, with respect to the fundamental flexural one, thus 

starting a new approach to exploiting QTF overtone vibrational modes for QEPAS based trace gas sensing.  

With the aim to demonstrate this possibility, we implemented QTF#2, 3 and 4 in a QEPAS based sensor system operating 

in the near-IR spectral range. We again selected water vapor as the target gas and performed a comparison of the QEPAS 

signal using both the fundamental and first overtone QTF flexural modes. The optimum selected  water line is located at 

7299.43 cm-1 and has a linestrength of 1.01x10-20 cm/mol, according to the Hitran database [15]. A diode laser emitting at 

1.37 µm was used as the excitation source and as the gas mixture we used air sampled containing a fixed 1.7% water 

concentration. Representative spectral scans obtained for QTF#3 at both the fundamental and first overtone QTF flexural 

mode are shown in Fig. 5. 

QTF#2 QTF#4a) b)
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FIG. 5. QEPAS spectral scans of a gas mixture containing air with a 1.7% water concentration for the fundamental mode 

(black solid line) and for the first overtone one (red solid line) of the QTF#3 obtained at a gas pressure of 100 Torr.  

 

The obtained results demonstrate that for QTF#3 and QTF#4 operating in the first overtone flexural mode is advantageous 

in terms of the optimum QEPAS signal, as expected considering the higher quality factor for the overtone mode, with 
respect to the fundamental mode.  

Finally, QTF#2 and QTF#4 were recently used in QEPAS sensors employing a fiber amplified near IR laser [16] and a 

THz QCLs [17]. The obtained results demonstrated that the use of QTFs with prongs spacing larger than 600 µm allow 

adequate focalization of the excitation beam even for laser sources of limited beam quality or long wavelength (>60 µm) 
and avoids that the incident laser radiation strikes the QTF and gives rise to undesirable non-zero background signals. 

3 CONCLUSIONS 

In this manuscript, we reported an investigation of the electrical and QEPAS performance of four custom tuning forks, 

when operating at the fundamental and first overtone modes. We identified the optoacoustic gas sensing figures of merit 
and investigated their dependence from the QTFs relevant dimensions. The obtained results demonstrate that by an 

appropriate design of the QTF prong geometry, overtone vibrational modes can provide significantly higher QEPAS 

signals with respect to the fundamental flexural mode. In addition, the use of QTFs with a prong spacing larger than 600 

µm has led to the use of THz laser sources and near-IR fiber amplified lasers, characterized by a limited laser beam quality, 

for QEPAS based trace gas sensing. 
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