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ABSTRACT

We report on a comparison between two quartz tuning forks (QTFs) employed for quartz-enhanced photoacoustic
spectroscopy (QEPAS) having quadrupole and octupole electrode pattern configurations. With respect to the quadrupole,
the implementation of the octupole pattern suppresses the fundamental mode and reduces by a factor of ~ 4.4 the
electrical resistance for the first overtone mode with negligible variations of the related Q-factors. Both QTFs operating
at the first overtone mode were implemented in a QEPAS sensor and the results showed that the octupole configuration
provides a ~2.3 signal enhancement factor.
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1. INTRODUCTION

Quartz tuning forks (QTFs) represent the core of the quartz-enhanced photoacoustic spectroscopy (QEPAS) for gas
traces detection [1-10]. The feasibility to realize custom-made QTFs optimized for sensing applications can significantly
improve the performance of QEPAS sensors [11-20]. With respect to the standard 32.7 kHz-QTF, the resonance
frequency of the fundamental mode can be reduced to a few kHz in order to better approach the typical energy relaxation
time of targeted gases [21-22] while maintaining a high resonator quality factor. Both conditions can be simultaneously
satisfied by an appropriate design of the QTF prong sizes. However, lowering the fundamental resonance frequency
reduces also the first overtone mode frequencies, opening the way to their investigation and implementation in QEPAS
sensor systems [13, 18]. This was not feasible with a 32.7 kHz-QTF since its first overtone mode occurs at frequencies
higher than 190 kHz, which is impractical for QEPAS based gas detection. By using the Euler-Bernoulli equation the
first overtone mode exhibits a resonance frequency ~ 6.3 times higher than the fundamental mode [23]. This implies that
in order to have the first overtone resonance frequency < 30 kHz, the fundamental mode must fall at frequencies lower
than 4.5 kHz. Lowering the operating frequency at values below 3 kHz is not recommended for QEPAS since the sensor
system would be more influenced by environmental acoustic noise. The fundamental and the first overtone modes
exhibit different quality factor values because the associated loss mechanisms depend on the related vibrational
dynamics and on the geometry of the QTF prongs [24]. Hence, the QTF geometry can be designed to provide an
enhancement of the overtone mode resonance Q-factor. As a consequence, a higher QEPAS signal-to-noise ratio with
respect to the fundamental mode can be expected [18]. According to Hosaka’s model [25] the air damping is
significantly reduced when moving from the fundamental to overtone mode. However, if moving to higher modes,
support losses can start to dominate deteriorating the overall quality factor. An increase of a factor of ~ 12 on support
losses is expected for a QTF, when changing from the fundamental to the first overtone mode [26]. The quality factor of
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the first overtone mode can be higher than that of the fundamental one, which is beneficial for QEPAS performance,
even if these QTFs employed a quadrupole configuration of the electrode pattern. Indeed, the quadrupole layout is
designed to match the charge distribution generated by the in-plane fundamental mode vibration. Nevertheless, it has
shown that the first overtone mode can be also excited, even if such an electrode configuration partially impedes the
excitation of the first overtone flexural mode [27].

In this work, we realized two QTFs, QTF-Q and QTF-O, having the same size, but different contact pattern layouts to
study their influence on the QTF electrical properties and sensing performance. The QTF-Q has a standard quadrupole
electrode configuration, while the QTF-O has an innovative octupole layout, designed to optimize the first overtone
flexural mode charge collection. By investigating the electrical properties of both QTFs, we demonstrated that the
octupole configuration completely suppresses the fundamental one. As expected, both QTFs exhibits almost the same Q-
factor value for the first overtone mode (<5% difference) since Q-factor values should be independent from the contact
pattern configuration. The octupole configuration allows the reduction of the electrical resistance by a factor of ~4.4 with
respect to the QTF-Q. Both QTFs were tested in a mid-IR QEPAS sensor targeting a water absorption line located at
1931.76 cm™. We verified that the larger electrical conductance of the QTF-O provides improved performance for gas
sensing, resulting in a QEPAS signal ~2.3 times higher than the QTF-Q.

2. OCTUPOLE ELECTRODE LAYOUT

For a QTF vibrating in its in-plane flexural modes, the prong dynamics in a direction perpendicular to the prong at the
rest position can be described by the Euler-Bernoulli (E-B) equation [23]. The E-B equation can be solved by imposing
clamped-free boundary conditions, assuming that one prong end is fixed and the other one is free to oscillate at its
natural frequency. The analytic solution for the flexural vibration resonance frequencies is given by:
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where E =0.72:1011 N/m* and p = 2650 Kg/m® denote the Young’s modulus and the density of quartz, respectively, T
and L are the prong thickness and length, respectively, and n identifies the mode number (v; = 1.194 for the fundamental
mode and v, = 2.988 for the first overtone mode). The E-B equation predicts also the lateral displacement of the prong
vibrating at one of its natural modes as a function of the distance from the prong base [18]:
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where k,-L are constant values related to the resonance frequencies for the vibrating prong: kL = 1.875 for the
fundamental mode and k,L = 4.694 for the first overtone mode. The normalized lateral displacements of the prong
having a length of 17 mm as a function of the distance from the prong base for the fundamental and first overtone mode
are shown in Fig. 1.
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Figure 1. Lateral displacement along the QTF prong as a function of the distance from the prong-support junction for the
fundamental (black solid lines) and the first overtone (red solid lines) mode. The prong length is L = 17 mm.
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An innovative electrode pattern optimizing the first overtone flexural mode charge collection must follow the stress field
distribution along the QTF prongs. When the prongs of a tuning fork are in their natural oscillatory motion, the stress
produced along the prong can be expressed by a longitudinal tensor c,(x,z), where x and y identify a Cartesian plane
orthogonal to the prong. The stress induces a local polarization po(x,y) of quartz and charges appearing on the surface
can be collected by electrical contacts deposited along the QTF prong. The polarization depends on the stress field as p,
= [d]op, where [d] is the quartz piezoelectric tensor. Assuming that the QTF axes correspond to the quartz crystal axes
and considering the effects of the polarization perpendicular to the tensile stress, the relation between p, and o, reduces
to the scalar expression py = -d;;0,, where d; is the longitudinal piezoelectric modulus. In the elastic regime, in which
there is a linear relationship between the stress and strain fields, it can be shown that o, is proportional to the second
derivative of the displacement for a bent QTF prong [27]. By using Eq. (2), the tensile stress along the prong axis is
given by:

—cos(k,L)—cosh(k,L)
sin(k, L) —sinh(k, L)

o, (x) oc [-cosh(k,x) —cos(k,x)] + [—sinh(k,x) —sin(k,x)] 3)

The curves in Fig. 2 show the distribution of normalized strain along the prong as a function of the distance from the
prong base for the fundamental and first overtone mode obtained by using Eq. (3) with L = 17 mm.
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Figure 2. One-dimensional normalized stress field distribution along the QTF prong as a function of the distance from the
prong base for the fundamental (black solid lines) and the first overtone (red solid lines) mode. The prong length is L = 17
mm.

The fundamental mode shows the highest stress antinode at x = 0. The first overtone mode shows two stress antinode
points, one negative at x = 0 and one positive at x =9 mm. For the fundamental vibrational mode, the sign of the strain
distribution does not change over the entire length of the QTF prong. However, for the first overtone mode the strain
direction changes along the length of the prong and consequently also the sign of the piezoelectrically induced charges,
which reverses at the zero-stress point. The electrode patterns deposited on QTF surfaces must be divided into separated
zones corresponding to opposite generated electric fields (and charges) areas in order to efficiently retrieve the
piezoelectric signal provided by a specific flexural resonance mode. The separation between electrodes of different
polarity is located where the sign of the strain field reverses. For the fundamental flexural mode, the sign of the stress
(and thereby of the generated charges) alternates between adjacent lateral prong surfaces but remains the same along the
prong length. Hence, a quadrupole electrode pattern should be employed. Furthermore, for the overtone mode the sign of
the stress is opposite over adjacent surfaces. Nevertheless, the electrode pattern must be sectioned along the prong
surface due to the presence of a zero-stress point, delimiting areas characterized by opposite stress signs and generated
charges. This requires a dual-quadrupole electrode layout configuration, i.e. an octupole electrode pattern for optimal
charge collection. The octupole electrode pattern was designed and realized for a QTF having: prongs length and width
of L =17 mm and w = 1.0 mm, respectively, starting from a quartz crystal with a thickness of 0.25 mm. In Fig. 3, a
sketch of the QTF with the octupole electrode layout (QTF-0) is shown.
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Figure 3. Schematic of the QTF-O having an octupole electrode pattern. A zoom of the area in which the electrode polarity
is inverted is shown on the right side.

According to Fig. 2, a zero-stress point along the prong occurs at 3.8 mm from the prong base. At such a point, the
electrode polarity has been inverted.

3. CHARACTERIZATION OF THE Q-QTF

In order to study the influence of the electrode layout on the QTF performance, a QTF having the same prong sizes (L =
17 mm and w = 1.0 mm, with a crystal thickness of 0.25 mm) of the QTF-O, but with a standard quadrupole electrode
configuration (QTF-Q), was realized. The electrical characterization of the QTF-Q and the QTF-O was performed by
exciting the resonator electrically. A sinusoidal voltage excitation generates a charge displacement through the QTF
prongs. The piezoelectric current is then converted to an output voltage by means of the trans-impedance amplifier and
then the lock-in amplifier demodulates the signal at the same frequency as the waveform generator. The spectral
response was fitted using a Lorentzian function to determine the peak resonance frequency and the full-width-half-
maximum value: the ratio between these two values allows the estimation of the quality factor. In Fig. 4, the resonance
curves for the first overtone flexural mode are shown for the QTF-O and the QTF-Q at atmospheric pressure. The
resonance frequencies, the quality factors and the electrical resistances are also reported, extracted from both resonance
curves.
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Figure 4. Resonance curves measured at a fixed excitation level V = 300 mV and at atmospheric pressure for the QTF-Q
(blue solid line) and the QTF-O (red solid line).

The resonance frequency as well as the Q-factor of the first overtone mode are affected by the electrode pattern. This is
to be expected because the resonance frequency is determined by the material and the geometry of the prong (see Eq. 1),
and the quality factor is mainly affected by loss mechanisms occurring in the vibrating prongs (due to interaction with
the surrounding fluid and with the fixed support) and not by the charge collection efficiency [25-26]. The effect of the
octupole contact pattern is to reduce the electrical resistance by a factor of ~ 4.4, demonstrating an increase of the
piezoelectric charge efficiency collection when the octupole electrode pattern is employed for the first overtone mode.
To verify if the reduction of the electrical resistance is beneficial for QEPAS sensing, both QTFs were implemented in a
QEPAS setup, similar to that reported in Ref. [27]. A continuous-wave quantum cascade laser (QCL) was used as light
source to generate photoacoustic signals when a water vapor absorption line located at 1931.76 cm™ (line-strength of
3.2:10% cm/molecule) was excited. An aluminum housing filled with standard air at a fixed 1.7% water vapor
concentration at atmospheric was realized to accommodate and easily exchange the two QTFs. The sensor operated in
wavelength modulation and dual-frequency detection: the laser current was modulated at half of the QTF resonance
frequency and the QTF signal demodulated at the QTF resonance frequency. With this approach, while the laser current
is scanned across the selected water absorption line, the QEPAS signal resembles a second derivative of the Lorentzian
lineshape of the absorption line, with a small contribution due to the residual amplitude modulation [28-29]. The QEPAS
spectral scans of the selected water absorption line obtained for the QTF-O and the QTF-Q while vibrating at the first

overtone mode are shown in Fig. 5.
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Figure 5. QEPAS spectral scans of the water absorption line measured with the QTF-Q (solid blue curve) and the QTF-Q
(solid red curve) operating at the first overtone mode.
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The QEPAS spectra show that the peak value measured for QTF-O (357.8 uV) operating at the overtone mode is ~2.3
times higher than that obtained with QTF-Q (155.6 uV) operating at the overtone mode.

4. Q-QTF COUPLED WITH A DUAL-TUBE RESONATOR SYSTEM

The Q-QTF was acoustically coupled with a pair of micro-resonator tubes, acting as amplifiers for the sound wave. The
system composed by a QTF and resonator tubes is usually referred as a spectrophone. The QTF-Q was positioned
between the tubes to probe the acoustic vibration excited in the absorbing gas contained inside the tubes. The
geometrical parameters influencing the sensor performance are: the internal diameter ID and the length / of the two
tubes, together with the spacing between the tube and the surface of the QTF [30]. By using guidelines provided in Ref.
[2], two tubes with an ID = 1.27 mm having a length of / =7.0 mm (outer diameter of 1.47 mm), both located 200 um
from the QTF prong surface were selected. With such a spectrophone, the QEPAS scan of the water absorption line is
shown in Fig. 6, together with a resonance curve.
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Figure 6. (a) Resonance curve measured at a fixed excitation level V = 300 mV and at atmospheric pressure with the
spectrophone composed of the QTF-Q and a pair of micro-resonator tubes having a length of 7.0 mm and internal diameter
of 1.27 mm, both positioned 200 um from the QTF. (b) QEPAS spectral scan acquired with the same spectrophone.

The acoustic coupling reduced the resonance frequency of the QTF of 1.6 Hz and the quality factor of 33.3%. However,
taking advantage from the sound wave enhancement produced by the microresonator tubes, the QEPAS peak signal
reached 13.46 mV, ~38 times higher than that measured with the bare QTF-Q.

5. CONCLUSIONS

In this work, we demonstrated that an octupole electrode pattern configuration for a QTF vibrating at the first overtone
mode lowers the electrical resistance with respect to the quadrupole electrode pattern. This provides higher signals when
implemented in a QEPAS sensor system. We demonstrated an enhancement of the QEPAS signal of factor of 2.3 with
respect to the quadrupole pattern configuration. When coupled with a dual-microresonator tubes system, the QEPAS
signal is further enhanced by a factor of 38.
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