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The design, realization, and performance analysis of an
octupole electrode pattern configuration intended for the
optimization of the charge collection efficiency in quartz
tuning forks (QTFs) vibrating at the first overtone in-plane
flexural mode is reported. Two QTFs having the same
geometry, but differing in the electrode pattern deposited
on the QTF prongs, have been realized in order to study
the influence of the electrode pattern on the resonance qual-
ity factor and electrical resistance. A standard quadrupole
pattern (optimized for the fundamental mode) and an octu-
pole electrode layout have been implemented. Although
both QTFs show the same resonance quality factor for
the first overtone, the octupole pattern provides a reduction
of the QTF electrical resistance by more than four times.
The sensing performance of the two QTFs has been com-
pared by employing them in a mid-IR quartz-enhanced
photoacoustic sensor (QEPAS) system targeting a water
absorption line. When operating at the first overtone
mode, the QTF with an octupole electrode pattern
provides a QEPAS signal more than two times higher with
respect to the QTF employing the standard quadrupole
configuration. © 2018 Optical Society of America

OCIS codes: (300.6340) Spectroscopy, infrared; (280.4788) Optical

sensing and sensors; (110.5125) Photoacoustics.
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Quartz-enhanced photoacoustic spectroscopy (QEPAS) is one
of the most selective and sensitive trace-gas optical detection
techniques, using quartz tuning forks (QTFs) to detect weak
photoacoustic excitations and requiring extremely small sample
volumes [1–4]. The implementation of custom QTFs in
QEPAS gas sensing provides several advances, such as the
extension of operation in the terahertz range [5–7] and the
exploitation of single-resonator tube amplification systems,
which are able to enhance the intensity of the acoustic waves

deflecting the QTF prongs [8–10]. Custom QTFs designed to
operate with fundamental flexural resonance mode frequency
of a few kilohertz have initiated the implementation of the first
overtone flexural modes for QEPAS sensing [11], resulting in
the demonstration of two innovative approaches: (1) double-
antinode excited QEPAS (DAE-QEPAS), in which a laser
beam excites simultaneously the two resonance antinode vibra-
tional points of a QTF operating with the first overtone flexural
mode [12], providing a record signal-to noise amplification fac-
tor exploiting a dual acoustic micro-resonator system; and
(2) dual-gas QEPAS detection, where two laser sources excite
the antinodes of both the fundamental and the first overtone
flexural modes, enabling the simultaneous detection of two gas
species [13]. A single tube micro-resonator optimized for QTF
overtone mode operation provided record QEPAS signal-to-
noise gain factors of more than two orders of magnitude [8].

The fundamental and the first overtone modes exhibit a dif-
ferent quality factor because the associated loss mechanisms
depend on the related vibrational dynamics and on the prongs
geometry [14–17]. Hence, the QTF geometry can be designed
to provide an enhancement of the overtone mode resonance
Q-factors and a higher QEPAS signal-to-noise ratio with re-
spect to the fundamental mode. However, in all QEPAS sys-
tems demonstrated so far, the electrodes layout of the employed
QTFs employed a quadrupole pattern, matching the charge
distribution generated by the in-plane fundamental mode
vibration. Such electrode configuration partially impedes the
excitation of the first overtone flexural mode since it should
exhibit a different piezoelectric charge distribution.

In this Letter, we propose an innovative electrode pattern
optimizing the first overtone flexural mode charge collection
by analyzing the stress field distribution along the QTF prongs.
The proposed electrode pattern has an octupole configuration,
according to the change of the polarity along the prongs at the
zero-stress point occurring for the first overtone vibrational
mode. To provide a comparison between quadrupole and
octupole electrode configurations in terms of QEPAS sensing
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performance, both contact patterns have been deposited on two
QTFs having the same geometry and size, which were imple-
mented into a sensor system for water vapor trace detection.

When prongs of a tuning fork are in their natural oscillation
motion, the stress produced along the prong can be expressed
by a longitudinal tensor σ�x, y�, where x and y identify a
Cartesian plane orthogonal to the prong (aligned along the
z axis). The stress induces a local polarization p�x, y� of quartz
and charges appearing on the surface can be collected by elec-
trical contacts appropriately deposited along the QTF prong.
The polarization depends on the stress field as p � �d �σ, 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 σ reduces to the scalar expression
p � −d 11σ, where d 11 is the longitudinal piezoelectric modu-
lus. In the elastic regime, in which there is a linear relationship
between the stress and the strain field, it can be shown that σ is
proportional to the second derivative of the displacement for a
bent prong. By using the formulation of the displacement de-
rived by the Euler–Bernoulli equation, the tensile stress along
the prong axis is given by [18]

σ�z� � An

(
�− cos�knz� − cosh�knz�� �

h
sin�knL�−sinh�knL�
cos�knL��cosh�knL�

i
×�− sin�knz� − sinh�knz��

)
,

(1)

where the subscript n denotes different resonance mode num-
bers (n � 0 for the fundamental and n � 1 for the first over-
tone mode), An is the stress amplitude, and L is the prong
length. kn are constant values related to the resonance mode
and, for the fundamental and the first overtone modes, k0 �
0.11 mm−1 and k1 � 0.28 mm−1, respectively. The curves in
Fig. 1 show the distribution of the normalized strain along the
prong as a function of the distance d from the prong-support
junction for the fundamental and first overtone mode, obtained
by using Eq. (1). The fundamental mode shows the highest
stress antinode at d � 0. The first overtone mode shows
two stress antinode points, one negative at d � 0 and one pos-
itive at d � 9 mm. For the fundamental vibrational mode, the
sign of the strain distribution does not change over the entire
length of the QTF prong whereas, for the first overtone mode,
the strain direction changes along the length of the prong and,

consequently, 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 field (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 fun-
damental 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 [see
Fig. 2(a)]. Hence, a quadrupole electrode pattern should be
employed. In addition, 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 char-
acterized by opposite stress signs and generated charges [see
Fig. 2(b)]. This requires a dual-quadrupole electrode layout
configuration, i.e., an octupole electrode pattern, for optimal
charge collection. Based on this analysis, we designed and real-
ized two QTFs having the same geometry and implementing a
quadrupole (QTF-Q), as shown in Fig. 2(a), or an octupole
(QTF-O) electrode pattern [see Fig. 2(b)]. The prong lengths
were L � 17 mm, and their width w � 1.0 mm. By using the
Euler–Bernoulli model, it is possible to determine the reso-
nance frequencies of the fundamental and first overtone mode
from the relation [18]

f n �
πt

8
ffiffiffiffiffi
12

p
L2

ffiffiffiffi
E
ρ

s
ν2n, (2)

where E � 0.72 · 1011 N∕m2 is the elastic Young modulus,
and ρ � 2650 Kg∕m3 is the density of the quartz. The first
two solutions are f 0 � 2913.4 Hz (ν0 � 1.194) and f 1 �
18245.5 Hz (ν1 � 2.998). The selected prong geometry
allows both resonance modes to be lower than 40 kHz and,
therefore, suitable for QEPAS applications [11].

Both QTFs have been realized starting from a z-cut quartz
wafer with a thickness t � 0.25 mm [19]. Different electrode
layouts for the quadrupole configuration enhancing the

Fig. 1. One-dimensional normalized stress field distribution along
the QTF prong as a function of the distance from the prong-support
junction for the fundamental (black solid line) and the first overtone
(red solid line) mode. The prong length is L � 17 mm.

Fig. 2. (a) Schematic of the QTF-Q with a quadrupole electrode
pattern. (b) Schematic of the QTF-O having an octupole electrode
pattern. The pattern configuration is inverted in the QTFs’ back
surfaces. The small rectangles represent sections of the prong with
the corresponding charge distributions.
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fundamental mode have been proposed [20]. For the octupole
configuration, a zero-stress point along the prong occurs at
3.8 mm from the prong-support junction (see Fig. 1). Hence,
two quadrupole portions were considered for the electrode lay-
out design of QTF-O, as shown in Fig. 2(b). The side electrode
of a quadrupole portion is connected with the central electrode
of the other portion by means of small electrode stripes. For
both quadrupole and octupole configurations, the side elec-
trode length is reduced on the top and wraps around at the
end prongs in order to connect the two central (side) electrodes
deposited on the opposite QTF-Q (QTF-O) surface.

The influence of the electrode layout on the main QTF
characteristics, namely the resonance frequency, the quality fac-
tor, and the electrical resistance were investigated by using the
experimental setup depicted in Fig. 3.

When the laser source is turned off, a waveform generator is
used to provide a sinusoidal voltage excitation to the QTF,
resulting in a piezoelectric charge displacement on its prongs
via an inverse piezoelectric effect. The QTF current is con-
verted to an output voltage by means of the trans-impedance
preamplifier. The output voltage is sent to a lock-in amplifier to
demodulate the signal at the same frequency of the waveform
generator. The QTF-Q and QTF-O spectral responses at
atmospheric pressure for the fundamental and the overtone
modes are shown in Figs. 4(a) and 4(b), respectively.

The resonance curves of QTF vibrational modes have
a Lorentzian lineshape. The resonance peak broadening is

proportional to the energy losses occurring in the vibrating
prongs. Furthermore, the larger the broadening, the higher
are the losses. The quality factor Q is a fundamental parameter
for characterizing the behavior of the QTF resonator subject to
the influence of external perturbing forces. It is defined as the
ratio of the energy stored in the resonator to the energy loss
during each oscillation period and also can be calculated as
the ratio between the resonance frequency and the full-width
at half-maximum (FWHM) value of the resonance curve.

Each resonance curve was thereby fitted by using a pseudo-
Lorentzian function [19,21] to determine the resonance, i.e.,
the peak, frequency, and its FWHM values, used to calculate
the corresponding quality factor Q � f ∕FWHM. The ob-
tained parameters are listed in Table 1. The small discrepancies
between experimental and theoretical frequencies values are
mainly due to (1) the gas damping effect, giving rise to an addi-
tional inertia for the vibrating prong, (2) the electrode gold pat-
tern, altering the weight of each prong, and (3) the dependence
of the elasticity modulus of quartz on the crystallographic axes
orientation [19].

As previously mentioned, although the quadrupole elec-
trode structure is designed to enhance the excitation of the
fundamental mode of the QTF, it is also able to excite the first
overtone mode whereas, in QTF-O, the fundamental mode is
completely suppressed. The Q-factor for both QTFs vibrating
at the overtone mode remains almost the same. This is to be
expected because the quality factor is mainly affected by loss
mechanisms occurring in the vibrating prongs (due to the
interaction with the surrounding fluid and with the fixed sup-
port) and not by the charge collection efficiency [14,15].

The implementation of an octupole contact pattern strongly
reduces (by a factor of ∼4.4 ) the electrical resistance for the first
overtone mode, demonstrating that this configuration collects
the charges induced in the prongs more efficiently. Indeed, a
large electrical conductance provides a high QEPAS signal,
which implies that a QTF-O is expected to offer improved per-
formances in terms of trace gas sensing when operated at the
first overtone mode [10,18]. In order to verify this assumption,
we implemented both QTFs in the QEPAS setup, depicted in
Fig. 3. A single-mode continuous-wave quantum cascade laser
(QCL) was employed as the excitation source to generate
photoacoustic signals. The QCL targeted a water vapor absorp-
tion line falling at 1931.76 cm−1, having a line strength of
3.2 · 10−22 cm∕molecule, according to a HITRAN database
[22]. The laser beam was focused between the QTF prongs
using a ZnSe lens with a focal length of 50 mm. An aluminum
enclosure equipped with two mid-IR AR-coated windows was
realized to accommodate and easily exchange the two QTFs.

Fig. 3. Schematic diagram of the QEPAS experimental setup. The
same setup was used to excite electrically the QTF by switching off the
laser source and applying the sinusoidal excitation directly to the QTF.
QCL, quantum cascade laser.

Fig. 4. Resonance curves measured at a fixed excitation level
V � 300 mV and at atmospheric pressure for the (a) QTF-Q and
(b) QTF-O.

Table 1. Resonance Frequency, Quality Factor, and
Electrical Resistance Values Measured for the QTF-Q
when Vibrating at the Fundamental or the First Overtone
Mode and for the QTF-O when Vibrating at the First
Overtone Mode

QTF-Q QTF-Q QTF-O

Fund. Mode Overt. Mode Overt. Mode

Frequency (Hz) 2870.99 17747.47 17834.79
Quality factor 5850 14500 15290
Resistance (kΩ) 810.8 157.6 36.1
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The housing was filled by standard air with a fixed 1.7% water
vapor concentration at atmospheric pressure. The vertical po-
sition of the laser beam focus along the QTF axis was optimized
in terms of a QEPAS signal. The laser was focused at 2
and 9.5 mm from the top of QTFs when vibrating at the fun-
damental or the first overtone mode, respectively [18]. The
QEPAS sensor operates with a wavelength modulation and
dual-frequency detection approach: the laser beam is wave-
length-modulated at half of the selected resonance frequency
(peak-to-peak amplitude of 250 mV), while the lock-in ampli-
fier demodulates at the resonance frequency. The absorption
line is acquired by applying a slow ramp (frequency of
5 mHz) to the current driver allowing a linear wavelength-scan.
The QEPAS spectral scans of the selected water absorption line
obtained for each vibrational mode of the investigated QTFs
are shown in Fig. 5. The QEPAS spectra show that the peak
value measured for QTF-O operating at the overtone mode is
∼2.3 times higher than that obtained with a QTF-Q operating
at the overtone mode and ∼15.3 times higher when the QTF-
Q is operated at the fundamental mode. This confirms that to
fully exploit the photoacoustic performance of a QTF’s first
overtone mode, an octupole contact pattern configuration must
be employed.

In conclusion, the obtained results demonstrate that em-
ploying an octupole electrode pattern configuration for a
QTF vibrating at the first overtone mode is advantageous
for two reasons. First, it lowers the electrical resistance with
respect to the quadrupole electrode pattern, providing a reduc-
tion of the electrical power consumption when the QTF is em-
ployed as an electro-mechanical resonator in electronic devices,
especially for battery-operated systems. Secondly, it provides
higher signals when implemented in a QEPAS sensor system.
Since the quality factor of the first overtone resonance mode is
not affected by the employed contact pattern, this confirms that
the QEPAS signal depends on the charge efficiency collection,
i.e., is proportional to the electrical conductance. Finally, the
octupole electrode layout can further enhance the performance
of a DAE-QEPAS sensor, in which the two antinode points of

the first overtone vibrational mode are simultaneously excited
by the same laser beam [12].
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Fig. 5. QEPAS spectral scans of the water absorption line measured
with the QTF-O operating at the first overtone mode (solid black
curve) and the QTF-Q operating at the fundamental (dotted-dashed
blue curve) or the overtone (dashed red curve) mode.
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