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ABSTRACT KEYWORDS

A review on the design of quartz tuning forks and their applications Photoacoustic spectroscopy;
in quartz-enhanced photoacoustic spectroscopy (QEPAS)-based trace gas sensor; custom quartz
gas sensors is reported. Standard commercial quartz tuning forks are  tuning fork

used as sound wave transducers in the conventional QEPAS tech-

nique. With the development of QEPAS technology, the advent of

custom quartz tuning forks has further improved the sensitivity level

of QEPAS sensors. The manufacturing process of quartz tuning forks

will be explained in detail in this review and the application of

quartz tuning forks in QEPAS trace gas sensors in recent years will

be summarized.

Introduction

In the 1960s, quartz tuning forks (QTFs) were widely used in clocks and watches as
timing components. The vibration of the QTF is achieved by applying a small oscillating
voltage to its metal electrode. The main characteristics of QTFs are: (i) the resonance
frequency is determined by the prong size and the characteristics of the quartz crystal,
usually in the kHz-MHz range; (ii) the frequency stability of the QTF is 0.04 ppm/T>
frequency shift in the temperature range of -40 to 90°G;!"! (iii) the QTF quality factor
is >100,000 in the vacuum and >10,000 in the atmosphere. The frequency of a stand-
ard commercial quartz tuning fork is 32768 Hz. In 2002, Kosterev et al. exploited the
piezoelectric properties of quartz in a photoacoustic gas sensing system and named this
technique quartz-enhanced photoacoustic spectroscopy (QEPAS).”?! Photoacoustic spec-
troscopy (PAS) is an indirect absorption spectroscopy technique based on the photoa-
coustic effect. When the laser beam is irradiated onto the sample of the photoacoustic
cell, the laser energy absorbed by the gas sample is converted into thermal energy
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Figure 1. Floor plan of a quartz tuning fork design.

through the non-radiative relaxation process of the gas molecules, which results in local
thermal expansion of the sample, causing an increase in temperature and pressure.”’! If
the laser is modulated, the absorption of the laser power in the gas sample will cause
the generation of sound waves. The intensity of the generated sound wave is related to
the concentration of the absorbing gas sample. In photoacoustic spectroscopy, the signal
amplitude S is expressed by Equations (1) and (2):P

R "
o =GoN (2)

where Q is the quality factor of the spectrophone, P is the laser power, o is the molecu-
lar absorption coefficient, f is the laser modulation frequency, ¢ is the absorption cross
section, and N is the target gas molecule concentration. Traditional PAS uses a sensitive
microphone to detect sound waves, but its large photoacoustic unit size and low Q fac-
tor limit its performance during practical applications.! The QTF is used as a sharp
resonance acoustic transducer in the QEPAS system to detect weak gas photoacoustic
excitation.””! The application of QTF improves the selectivity and immunity of QEPAS
to environmental acoustic noise.!”’ QEPAS is a robust, highly sensitive, and highly
selective gas sensing spectroscopy technology with the advantages of a large dynamic
range, low cost, not requiring an optical detector, allowing the use of extremely small
volumes and employing an acoustic resonator that is independent of the laser wave-
length. These factors, together with its proven reliability, ruggedness and compactness
represent the main distinct advantages with respect to other laser-based techniques for
real-world applications. Indeed, QEPAS gas sensing technology is widely used in various

(10]

fields such as trace gas detection,!”®! biomedical diagnosis,'”’ chemical analysis,!"! etc.

Design of the quartz tuning fork
Theory of the quartz tuning fork

For a QTF that vibrates in a flexural mode in a plane, its prong dynamics in the direc-
tion of the rest position perpendicular to the prong can be described by the Bernoulli-
Euler equation:!'"!
o'y pzd’
oy P9y _, 3)
Ox*  EI ot?
where E=0.72-10"" N/m” represents Young’s modulus of quartz, p =2650kg/m’ repre-
sents the density of the quartz material, x is the direction determined by the prong at
the rest position, and the y-direction is orthogonal to x in the QTF plane (see Figure 1).
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I(kg.mz) and Z(m?) represent the moment of inertia and cross-sectional area of the
prong, respectively. By applying free-clamped boundary conditions to the cantilever
beam support, the above equations can be solved to determine the resonance frequency
and tip shape associated with a specific time-harmonic excitation. The analytical solu-

tion of the bending vibration resonance frequency is as follows:!'?!

nT E,
[ Vi (4)
Y 8v12L2 \ p

where T is the prong width of the QTF, L is the prong length, and n is the number of
mode related to each harmonic mode (v,, — o = 1.194 indicates the fundamental fre-
quency mode, v, — ; = 2.998 indicates the first overtone mode).

Low dissipation losses of the vibrating prongs result in a sharp resonance response
and a high quality factor. The Q-factor is determined by all the energy dissipation
mechanisms that occur in the vibrating QTF prongs, such as losses due to surrounding
fluids, support losses, surface, volume, and thermoelastic losses.['?] All these losses
depend to a large extent on the size of the QTF prongs. The contribution of each loss
mechanism is independent of each other, but all occur simultaneously. So far, no theor-
etical model can adopt a concise formula to consider all dissipation mechanisms. But by
collecting a large amount of experimental data, the empirical equation related to the
quality factor and the prong size is obtained, as follows:"*!

T
Q=378 x 105TW (5)

where w represents the thickness of the quartz tuning fork.

The resistance R of the QTF represents the loss in the equivalent resonance circuit,
and it determines the charge generation capacity. Through theoretical analysis, the rela-
tionship between resistance R and QTF’s geometric parameters results:!'*

LZ

wVT

Therefore, the resonance frequency, the Q-factor, and the resistance of the QTF are
strongly correlated.

R x

(6)

Fabrication of the quartz tuning fork

The chemical composition of quartz crystal is SiO,. The crystal is a trigonal oxide min-
eral, that is, low-temperature quartz (a-quartz)."®! The ideal shape of an a-quartz crys-
tal is shown in Figure 2, with a total of 30 crystal faces. These crystal planes can be
divided into five groups, with six crystal planes in each group, that is, six m-planes (or
cylinders), six R-planes (or rhombohedral planes), six r-planes (or small diamond face),
six s-planes and six x-planes. Each group of crystal faces has a different corrosion rate,
(161 1t can be seen from Figure 2 that the
quartz crystal has a threefold axis of symmetry: the z-axis, and three secondary axes
that form 120° with each other: the x;, x,, and x; axes. One of the secondary axes (such

and the slowest corrosion rate is the m-plane.



4 H. LIN ET AL.

:C a=0.4904nm
¢=0.5394nm

a a-quartz crystal shape b a-quartz crystal projection on the xy plane

Figure 2. The ideal shape of an a-quartz crystal.

as the x; axis) can be chosen as the x-axis in the reference rectangular coordinate sys-
tem, and the y-axis is perpendicular to the x and z axes.

When chemical etching is used to etch quartz, if the coordinate axis is used as the
reference direction, the corrosion rate of quartz in the z-axis direction is the fastest, and
the corrosion rates in the x-axis and y-axis directions are slow, basically the same. The
chemical etching method is limited by the crystal tangential direction when processing
quartz crystals. As a result, the chemical etching method is more suitable for processing
z-cuts or cuts close to z-cuts.

The manufacturing process of a quartz tuning fork is shown in Figure 3. It can be
roughly divided into the following steps: 1. Quartz double-sided plating mask; 2.
Double-sided photoetching tuning fork pattern; 3. Etching of tuning fork mask; 4.
Photoetching electrode pattern; 5. Chemical etching of quartz tuning fork; 6. Electrode
etching; 7. Plating side electrodes.

The two sides of the quartz substrate need to be mirror polished and cleaned to
remove particles, debris, organics and metal residues attached to the quartz surface.
Each piece of quartz wafer is washed with a foaming cleaner in tap water and immersed
in acetone for 10 minutes in an ultrasonic bath, then the quartz wafer is ultrasonically
cleaned in isopropanol, and rinsed with deionized water. Each process takes
~10 minutes, the wafer can be dried with a nitrogen jet, and the cleaning process is per-
formed in a class 1000 cleanroom environment."'”! A 600/2000 A Cr/Au mask is depos-
ited on the quartz wafer by thermal evaporation and magnetron sputtering to form the
protective metal area of the tuning fork.!""'”) A spin coater is then used to evenly coat
the photoresist on the quartz wafer. In this process, care should be taken to maintain
the viscosity of the photoresist. Before exposing the quartz wafer to an ultraviolet light
source, it is placed on a hot plate for soft baking to partially evaporate the solvent of
the photoresist, enhancing the adhesion of the photoresist, releasing the stress in the
photoresist film and preventing photoresist from contaminating the equipment. The
quartz wafer is exposed to an ultraviolet light source using a standard aligner, and the
transfer fork pattern is developed with a photoresist. The quartz wafer that has com-
pleted the above operation is placed on a hot plate again for baking, making the photo-
resist solvent continue to evaporate. The operations described above are repeated on the
back of the quartz wafer. In order to protect the quartz from the etching solution of
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a Quartz substrate cleaning b Plated Cr / Au mask c photolithography tuning fork first side d Tuning fork mask etching

LJ

e Photolithography tuning f Tuning fork mask etching g Remove photoresist h photolithography electrode
fork second side

i i
1 Quartz chemical corrosion j Electrode etching k Remove photoresist 1 Plated side electrodes

L

m Quartz tuning fork

Figure 3. The fabrication process of a quartz tuning fork.

quartz, it is necessary to closely adhere to the pinhole-free metallization layer. This is
achieved by stripping the photoresist pattern in acetone and relaxing the entire photo-
resist pattern with Cr/Au metallization areas on it.'”) As a result, photolithography and
etching of the quartz tuning fork are successfully achieved. This traditional method for
cutting quartz requires the use of highly toxic agents like ammonium bifluoride or HF
acid. For this reason, a laser-based cutting method has been recently proposed in Ref.
[18], as a clean, single pass stealth dicing process, which does not involve any chem-
ical agent.

The shape and thickness of the electrode on the surface of the vibrating QTF prong
are determined by the distribution of piezoelectric charges, which in turn depends on
the stress field along the prong related to the displacement field relative to the rest pos-
ition. The finite element analysis method is used to model the geometry of the quartz
tuning fork, the width of the vibrating arm and the shape and thickness of the electrode
on the surface of the vibrating arm to obtain the best parameters that meet the require-
ments. The matrix expressions for finite element analysis of elastic and piezoelectric
materials are as follows:

[Kuo] T [Koo| | | @

where [K,,] represents the stiffness matrix, [Ky,| represents the piezoelectric matrix,
represents the angular frequency, [M] represents the consistent mass matrix, [Keo)

(K] — @*[M] [Ku®]:| [U] _ [ FJ (7)



6 @ H. LIN ET AL.

represents the dielectric matrix, U represents the vector of node values of displacement
components, @ represents the vector of node values of electric potential field and g rep-
resents the vector of the node values of the charge.'”! By solving the given matrix
expression, the vibration mode, resonance frequency, stress and potential distribution,
and equivalent circuit parameters can be obtained. After acquiring the electrode size
parameters of the tuning fork, the electrodes of the quartz tuning fork are photolitho-
graphed. The quartz crystal is then chemically etched. The chemical anisotropic corro-
sion of the quartz crystal is determined by the anisotropy of the quartz crystal structure.
Under the selected conditions of quartz crystal tangent, the corrosion characteristics of
quartz are mainly determined by the type of corrosion solution, corrosion rate and cor-
rosion time. Hydrofluoric acid (HF)" ammonia fluoride (NH,F) solution can be used to
corrode quartz.**) The contour profile of the quartz tuning fork can be controlled by
adjusting the concentration of hydrofluoric acid in the corrosion solution, as well as the
temperature and corrosion time of the corrosion solution to remove the unwanted parts
of the quartz crystal. Then it is etched through the tuning fork electrode mask to obtain
the desired electrode pattern. After the above operation is completed, the quartz crystal
is put into a standard photoresist stripper to strip the photoresist, and immersed in
acetone, isopropyl alcohol and deionized water in order to completely remove the
photoresist.'”! Finally, the side electrodes of the tuning fork are plated. When making
the side electrode, the metal mask is used to cover the part of the tuning fork that does
not need to be coated with Cr/Au film, and the incident direction of the membrane
material molecule is adjusted to the angle of the side of the tuning fork, so that the side
of the tuning fork forms a continuous and uniform film electrode.

Types of quartz tuning fork
Standard tuning fork

The principle of QEPAS is to irradiate the gas with a laser focused or collimated
between the QTF prongs and modulated at a frequency matching a QTF in-plane flex-
ural mode frequency, resulting in a transition of molecules from the ground state to the
excited state. When returning to the ground state, light energy will be converted into
internal energy of the molecule, causing an increase of the local temperature. Such a
periodic change of the local gas pressure gives rise to a sound wave hitting the prongs
of the QTF. Due to the piezoelectric effect, the tuning fork generates an elec-
trical signal.””

A standard QTF, with a resonance frequency of 32.768 kHz and a Q-factor of 10,000
in the atmosphere, is a usually used transducer in QEPAS.?Y The standard QTF is
made of a quartz crystal oscillator, which can be found in quartz clocks. It has been
used to measure various gases, such as carbon monoxide,'”* hydrogen sulfide,'**! acetyl-
ene,**! etc. due to its advantages of low price and stable performance. Many QEPAS
spectrometers have been developed based on standard quartz tuning forks with different
configurations by adding acoustic micro-resonators (AmRs). AmRs consist of one or
two thin tubes positioned between or beside the QTF’s prongs to amplify the acoustic
vibration excited in the gas in the tube.?”’ When a pair of AmRs is set close to the two
sides of the QTF, and the laser beam passes through the AmRs and is focused between
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Figure 4. x-y plane view of standard and custom designed tuning forks presented in Ref. [28]. The
size scale is shown on the right. Inset: 3D schematic view of QTF dimensions.

the QTF prongs, the configuration is called on-beam QEPAS.**) When the laser beam
passes through one AmR set behind the QTF’s prongs along the y-axis shown in Figure
1, and a slit is opened on the AmR, in correspondence of the gap between the prongs
allowing the sound wave to hit the QTF’s prong, the configuration is called off-beam
QEPAS. 7]

Custom tuning forks

The time constant 7 for the non-radiative molecular relaxation processes typically falls
in the microsecond range. The laser modulation frequency should be much lower than
1/2nt, to allow the gas to completely convert the absorbed energy into translational
energy. Therefore, the use of quartz tuning forks with resonance frequencies lower than
32kHz would improve the gas response to the modulation of the incident laser radi-
ation. As can be seen from Equations (1)-(3), by designing a QTF with a small width T
and a large prong length L, the resonance frequency of the QTF can be reduced, but
this will cause a low Q-factor and large resistance. In principle, a larger thickness w can
be adopted to compensate for the Q-factor loss. However, the thickness w of the chem-
ically etched crystal cannot be too large, otherwise the sharp edge profile cannot
be guaranteed.

The first design and development of tuning forks with a different size compared with
the standard tuning fork was presented in 2016. In order to clarify the effect of QTF
geometric parameters on the resonance frequency f, the Q-factor and the resistance R, a
series of six custom QTFs of different sizes was designed in Ref. [28]. The size of cus-
tom QTF is shown in Figure 4. Table 1 shows the dimensions and performance param-
eters of the tuning forks.
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Table 1. Different tuning forks and their parameters;.

f (Hz) Q R (Kw) T (mm) G (mm) w (mm) L (mm)
Custom QTF 14 k 7324 831.9 0.2 0.4 0.25 35
7.2k 18655 142.8 0.9 0.8 0.25 10
84 k 25485 151.9 1 0.5 0.5 10
34 k 8388 513.5 0.5 0.6 0.25 1
2.8 k 11902 389.0 1 0.7 0.25 17
4.2 k 37713 84.9 14 1 0.8 19
standard QTF 32.7 k 16207 79.7 0.35 0.3 0.34 3

f (resonance frequency), Q (Q-factor), R (resistance), w (thickness of the prong), L (QTF prong length), G (spacing
between prongs), T (QTF prong width)

Table 2. Resonance frequency f and dimensions of the custom quartz tuning forks realized in
recent years.

f (Hz) T (mm) G (mm) w (mm) L (mm) Ref.
QTF#1 42k, 1st 25.4 k 14 0.8 0.8 17.7 [11]
QTF#2 7.2 k 0.9 0.8 0.25 10 [28]
QTF#3 20 k \ \ \ \ [6]
QTF#4 2.8k, 1st 17.7 k 1 0.7 0.25 17 [28]
QTF#5 34k, 1st 215 k 0.5 0.6 0.25 1" [28]
QTF#6 1st 17.7 k 1 0.7 0.25 17 [31]
QTF#7 21.5 k 8 2 2 13.6 [32]
QTF#8 15.8 k 2 1.5 0.25 9.4 [33]
QTF#9 28 k 0.4 0.2 0.35 33 [34]
QTF#10 30.7 k 0.6 0.32 0.36 39 [35]
QTF#11* 12 k 1.4-2 0.8-1.2 0.25 9.4 [13]
QTF#12 15.2 k 2 0.8 0.25 9.4 [13]
QTF#13* 8k 1.2-2 0.8-1.6 0.25 9.4 [36]
Notes: f (resonance frequency), w (thickness of the prong), L (QTF prong length), G (spacing between prongs), T (prong
width), “1st”: first overtone mode-frequency. “\": the parameter is not available in the reference. “-": this generation of

custom QTF has multi-dimensional parameters given by the corresponding references.
*QTF#11 and QTF#13 have a T-shape geometry of the prongs.

The emergence of low-frequency custom QTFs has broken the limit of using the fun-
damental frequency of QTFs in QEPAS-based sensors. Thanks to the lowering of the
fundamental frequency, the first overtone of the quartz tuning fork becomes available
for QEPAS operations.'*”) Sampaolo et al. reported that the value of the water vapor
QEPAS signal to noise ratio measured for the first overtone mode of 2.8kHz custom
QTF in Table 1 is 5.3 times higher than the value obtained using fundamental mode."*"!
By employing the same QTF, Wu et al. used frequency division multiplexing based on a
fundamental and overtone combined QTF vibration to detect two gases at the same
time, and the measured normalized noise equivalent absorption (NNEA) coefficient for
H,0 and C,H, were 9.12x10 “em ' W/Hz'? and 151x10 “cm ' W/Hz"?
respectively.”’

Table 2 shows the resonance frequencies and dimensions of the custom QTFs (here
numbered as QTF#i) demonstrated in recent years and employed in QEPAS-based sen-
sors for trace gas detection.

QTF customization has been driven by the need for resonators vibrating at a certain
frequency, with a high quality factor and low resistance, leading to a higher QEPAS sig-
nal to noise ratio, compared to the standard one. With this aim, custom QTFs have
been mostly designed with the same shape as the standard QTF, but with different geo-
metrical parameters sizes. This is the case, for example, of QTFs #1, #2 listed in Table
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(a) (b)

Figure 5. Stress field distribution for QTF#11 (b) and QTF#8 (a) (standard shape-like QTF having the
same overall dimensions as QTF#11) simulated by COMSOL MultiPhysics®'!

2. However, in the last years QTFs with a different gold electrodes configuration
(QTF#6) or a different shape have been developed (QTFs #11, #12).

Customized quartz tuning fork shapes have been recently developed to improve the
QTF performance in terms of QEPAS signal to noise ratio. In Ref. [13], a custom T-
shaped prong QTF, named QTF#11 in Table 2, exhibits improved performance thanks
to an increased stress field intensity at the junction between the prong basis and the
support. Figure 5 shows a comparison between the stress field distribution of the T-
shaped QTF#11 and QTF#8, a standard shape-like QTF having the same overall dimen-
sions as QTF#11, simulated by using COMSOL Multiphysics®.

The QEPAS signal of a water vapor absorption line falling at 1297.19cm™" is 1.5
times higher when employing QTF#11, compared to QTF#8. Moreover, when coupled
with a pair of optimized AmRs, a signal to noise ratio enhancement of 60 is achieved,
with respect to the bare QTF condition.

Another custom QTF having a shape different from the standard one is shown in
Figure 6 and has been reported in Ref. [13]. This QTF is listed as QTF#12 in Table 2,
reporting the resonance and geometrical parameters. In this case, rectangular grooves
are carved on the front and rear surface of the prongs, reducing the resistance, thereby
further increasing the signal amplitude. When targeting the same water vapor absorp-
tion line at 1297.19cm ™' as for testing QTF#4, a QEPAS signal 1.36 times higher was
measured, compared to QTF#8.

In 2020, on the basis of QTF#12, a new type of QTF is formed by carefully design
the shape of the prong,*®’ named QTF#13 in Table 2. As shown in Figure 7, after
changing the ratio of T5/T; from 1 to 0.6, the resonant frequency of the QTF decreased
from 15.2kHz to 8 kHz. This T-grooved QTF combined the advantages of QTF#11 and
QTF#12, maintaining a Q-factor of ~11,000 in the air while maintaining a resonant fre-
quency of <10kHz. It was significant for the QEPAS system while detecting some gases
with a slow relaxation rate, such as CO.
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Figure 6. (A) Schematic of the geometrical dimensions of the grooved tuning fork. The yellow areas
represent the carved area of the prongs surface. (B) Cross-section of grooves on the QTF.

Surface
Groove

Figure 7. (A) Schematic of the T-grooved tuning fork. (B) Cross-section of grooves on the QTF.

Due to the difference between the prong displacement along the x-axis for the first
overtone mode of the quartz tuning fork and the fundamental mode, the charge distri-
bution on the prong surface is different.”” A quadrupole layout is designed to match
the charge distribution generated by the fundamental mode vibration. However, this
quadrupole electrode configuration partially collects the piezo-charges generated when
the QTF prongs vibrate at the first overtone flexural mode. Therefore, an octupole
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Figure 8. Schematic of the QTF#6 having an octupole electrodes pattern. A zoom of the area in
which the electrode polarity is inverted is shown in the inset on the right side.

layout can be designed to improve the performance of the first overtone mode vibra-
tion.!! Consider that an octupole pattern is not able to collect charges in case of fun-
damental mode vibration. Starting from the 2.8 kHz custom QTF in Table 1, having a
quadrupole electrodes configuration, a QTF having the same quartz geometry but an
octupole electrodes configuration has been developed. This QTF is listed as QTF#6 in
Table 2 and is shown in Figure 8. The configuration of the eight-pole electrode pattern
of the QTF vibrating in the first overtone mode reduces the resistance relative to the
four-pole electrode pattern, and the QEPAS signal measured for a water vapor absorp-
tion line is enhanced by 2.3 times. When used in conjunction with a pair of AmRs, the
QEPAS signal is further enhanced by 38 times.

Application of quartz tuning fork in QEPAS sensors

In the last decade, quartz-enhanced photoacoustic spectroscopy has been demonstrated
as a gas spectroscopy technique with high specificity and high sensitivity. Numerous
QEPAS sensor applications have been developed, employing the standard and custom
quartz tuning forks listed in Tables 3 and 4, to detect a large number of gas species.
These applications were grouped by different QTFs. For each QTF, among the QEPAS
sensors targeting the same gas absorption line, only the sensor achieving the best per-
formance in terms of noise equivalent concentration (NEC) or normalized noise equiva-
lent absorption (NNEA) with 1s integration time has been listed.>”!

According to Table 5, it can be known that the QEPAS system has been applied to
environmental monitoring, industrial processes, agricultural production, and other
application. In real-time monitoring, it showed good detection sensitivity (ppm-ppb) as
well as the good specificity and long-term detection ability. However, in the QEPAS
technique, the QTF needs to be in direct contact with the target gas. Since the electrode
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Table 3. QEPAS detection of trace gases using standard QTF.

M W(em™) P (mW) IT (s) NEC (ppm)  NNEA (W cm™' o HZ 3 Con. Py (Torr)  Ref.
H,0 7306.75 10.2 1 0.49 159 x 1077 on-beam 200 [38]
7194.8 5.8 1 \ 1.97 x 1078 on-beam 760 [8]
7181.18 \ 1 2 12x107® off-beam \ [39]
CH, 6057.09 4 \ 64 \ bare QTF 2983 [9]
6046.95 3.74 1 4.63 1.8x 1078 off-beam 760 [27]
434893 2 1 0.198 \ bare QTF 223 [40]
2988.8 \ 1 0.09 \ on-beam 200 [41]
2778.64 \ 3x 1073 40.75 13x107® on-beam 700 [21]
1246.46 10 1 0.011 \ bare QTF  \ [40]
o, 6361.25 40 247 1.74 22x107° on-beam 760 [42]
2311.1 720 20 3x 107 32x107"° bare QTF 37 [43]
co 4297.7 18 110 13 93 %107 on-beam 760 [44]
42915 8.8 1 11.2 18%x107° on-beam* 760 [45]
2190.02 \ 3% 103 0.01 23x1078 on-beam 700 [21]
2103.26 80 1 0.02 2x107 off-beam 760 [22]
NO, 24,096.38 156 1 13%x10°  42x107° on-beam 760 [46]
NO 1900.08 133.2 0.03 48x1073 \ bare QTF 50 [47]
N,0 1275.49 \ 1 6x 1073 \ on-beam 130 [48]
H,S 3788.55 3 60 0.5 24x107° on-beam* 124 [23]
SO, 1380.93 48 1 0.063 121 %1078 on-beam* 75 [49]
H,0, 1295.55 80 100 0.012 46x107° on-beam 80 171
HONO 1254.85 50 150 7 %1073 3.59x 1078 off-beam 52 [50]
SFe 947.93 25 1 275%x10°  \ on-beam 75 [51]
0, 13144.6 57 \ 4 \ bare QTF 258 [9]
cs, 2178.69 57.7 1 0.028 8.12x107° on-beam* 56 [10]
C,H, 6523.88 \ \ 5 \ bare QTF 760 [24]
CoHa 915.61 2.8 60 0.06 48x 1078 off-beam 760 [52]
CoHe 2986.25 \ 1 7x10° \ on-beam \ [41]
2996.88 10.5 230 15%x10° on-beam 100 [53]
C5Hg \ \ 1 3 \ on-beam \ [41]
NH; 965.5 48 3x10%  95x10° 142x10° on-beam 130 [54]

Note: M: molecules; W: wavenumber of the gas absorption line; P: laser power between the QTF prongs; IT: integration
time; NEC: noise equivalent concentration; NNEA: normalized noise equivalent absorption coefficient with 1s integra-
tion time; Con.: QEPAS configuration; Py: gas pressure. “*”: humidify; “\": the parameter is not available in the refer-
ence. Ref. [38] was done in SF4 carrier gas.

of QTF was made of Au/Cu, it is not suitable for detecting corrosive gases.**! In some
applications, it was necessary to detect a variety of gases. The output wavelength of the
laser needs to be controlled to coincide with the absorption peak of the target gas, so
several lasers need to be used in multi-gas detection, which will increase the detec-

tion cost.!®®

The development of QTF application in the last 3 years

Before 2018, in QEPAS, the first generation of custom tuning forks aimed at reducing
the resonance frequencies to better detect molecules with a slow relaxation rate.
Compared to a standard QTF, the prong spacing was increased to reduce photothermal
background noise. In 2018, the second generation of QTF was introduced. Patimisco
et al. proposed the octupole electrode pattern to better collect the electrical signal of the
QTF in the fundamental frequency operating mode.*" In 2019, the same team pro-
posed T-shape QTF and grooved QTF to improve the QEPAS signal amplitude."®! In
2020, T-grooved QTF with low resonance frequency (<10kHz) and high Q-factor
(~11,000) was proposed by combining T-shape QTF and grooved QTF."**!



Table 4. QEPAS detection of trace gases using custom QTFs in Table 2.
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QTF M W(m™) P(mW) IT(s) NEC (ppm) NNEA (W cm™ o Hz"?) Con. Py (Torr)  Ref
#1  CH;OH 131.05 0.04 4 7 2x1071° bare QTF 10 111
CH, 1306.1 \ 10 0.2 \ on-beamt 760 [55]
N>O 1298 \ 10 0.06 \ on-beamt 760 [56]
#2  H0 7306.75 \ \ \ 45%107° bare QTF 700 [57]
C0, 6361.25 37.7 1 20 121x 1078 on-beam 760 [25]
H,S 6320.6 1520 1 0.89 129 x 1078 on-beam 760 [58]
CoH, 6529.1 \ 300 0.029 15%x 1078 bare QTF 456 [59]

#3  CH, 3017.5 400 190 0.032 \ off-beam 760 [6]
#4  H,0 7306.75 113 1 32 6.3 %107 bare QTF 200 [60]
H.S 97.11 0.24 30 13 44107 bare QTF 20 [61]
CH5O0H 131.05 \ 30 0.16 3.75x 107" bare QTF 10 [62]
H,0 7303.23 23 \ \ 276 x107° on-beamt 760 [26]
CH, 3038.5 5.2 1 0.05 29x107° on-beam*+t 200 [60]
1297.47 128 0.1 0.018 \ on-beam*t 200 [63]
N>O 1297.05 \ 0.1 5%103 \ on-beam*+ 200 [63]

CoH, 6541.96 10 \ \ 151107 bare QTFt 700 [5]
#5  CoH, 966.38 74.2 0.1 0.1 \ on-beamt 120 [64]
#7  CO, 6490.05 17 1140 44 3.7%107° on-beam 760 132
CH, 6490.02 17 \ \ 39x107° bare 760 [65]
#8 H,S 95.62 100 10 0.36 3.1x108 on-beam 60 [66]
co 2179.77 40 100 6x 1073 1.6x 1077 on-beam 760 [67]
#9  H,0 7194.8 5 84 6.3 17 x107® bare QTF 747 [34]
o, 4991.25 \ 125 0.7 2x107"° on-beam 760 [68]
CoH, 6507.39 5730 1 7x10° 441078 on-beam 760 [69]
#10  H,0 7168.4 30 1 43 \ on-beam 760 [70]
o 42915 33 150 13 74%107° on-beam* 300 [71]
CH, 6046.95 10 125 0.288 7.76 x 1072 off-beam* 760 [721
4290.22 6.3 100 1.2 \ on-beam 760 [73]
C,H, 6534.37 1500 1 0.033 3.54 % 1078 on-beam 760 [74]
NH; 6533.4 1000 1 0418 383%x107° on-beam 760 [75]
#11 '2CH, 6046.94 12 0.1 0.76 \ on-beam 760 [76]
3012.04 \ 82 0.023 15%x 1078 on-beam \ [771
2988.8 12,5 0.2 0.18 \ on-beam 200 [78]
1296.12 \ 0.1 0.6 \ on-beam 50 [41]
3CH, 1296.03 \ 0.1 0.11 \ on-beam 50 [41]
Co, 4989.97 5 270 0.45 47 x107° on-beam 50 [79]
co 2190.02 75 0.1 15 \ bare QTF 760 [80]
N,0 2190.35 75 0.1 3 \ bare QTF 760 [80]
CoHa 966.38 61.6 10 0.01 \ on-beam 120 [64]
CHg 5937.3 \ 0.1 22 \ on-beam 760 [81]
#12 €O 2169.2 21 03 7x10° 8.74 % 107° on-beam* 700 [82]
CH, 3038.5 1.8 400 0.015 41%x107° on-beam*  \ [83]
CoH, 6529.17 227 1 0.094 273 x107° on-beam 700 [83]
NO, \ 153 1 7x10° 154 %1078 on-beam* 760 [84]
#13 €O 2169.2 20 1 0.09 1.8x 1077 on-beam 500 [36]

Note: M: molecules; W: wavenumber of the gas absorption line; P: laser power between the QTF prongs; IT: integration
time; NEC: noise equivalent concentration; NNEA: normalized noise equivalent absorption coefficient with 1s integra-
tion time; Con.: QEPAS configuration; Po: gas pressure. “*”: humidify; “t": first overtone flexural mode; “\": the param-
eter is not available in the reference. Ref. [36] was done in SF¢ carrier gas.

Table 5. Real gas sensing applications based on QEPAS.

Molecules Application Ref
Cco Breath testing in healthy subjects of smokers. [22]
NH; Diagnosis of liver and kidney diseases [54]
Co, Agricultural greenhouse CO, detection [68]
NO, Urban atmospheric NO, detection [84]
Cco City road air testing [87]
12¢0,; 3C0, Helicobacter pylori infection [88]
CH4; CHg; C3Hg Measuring the concentrations of the oil industry [89]
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Figure 9. The configuration diagram of QEPTS.

Another progress in the last 3years is the development of quartz-enhanced photo-
thermal spectroscopy (QEPTS) or named light-induced thermoelastic spectroscopy
(LITES) by Ma et al.®®?!! Unlike QEPAS, in QEPTS, the laser beam would focus on
the QTF surface, and the piezoelectric effect induced by the thermoplastic expansion
occurs. The schematic of the QEPTS was shown in Figure 9. QEPTS was a non-contact
measurement method and able to remote and corrosive gas detection. Compared to
QEPAS, the advantage of QEPTS is the QTF was isolated from the gas sample. This iso-
lation will avoid the influence of contamination, humidity, and temperature changes in
gases. In 2019, a multi-pass cell was added to the original QEPTS system as an absorp-
tion cell to improve the absorption length of the QEPTS sensor.?! In 2020, a custom
T-shape QTF with carved prong surfaces and a resonance frequency of ~9.35kHz was
used in QEPTS sensor, achieved a NNEA of 9.16 x 10~ ' cm ™~ 'w/ Hz.[*!

In 2021, Dong et al. developed a high and flat spectral responsivity photodetector
based on a custom T-shape QTE.”*) The performance of the QTF detector was
improved by coating absorption materials. A custom tuning fork with a fundamental
resonance frequency of 9.78 kHz and quality factor of 11,500 was employed. One surface
of the T-shape QTF was coated chrome/gold layer and the other was uncoated, shown
in Figure 10. In a tunable diode laser absorption spectroscopy setup, five different lasers
with emission wavelength in the 1.65-10.34 pm range were used to evaluate the QTF
detector, achieving a responsivity of 2.2kV/W.

Discussion

As a variant of PAS, QEPAS inherits the advantages of PAS. An important point is that the
performance of QEPAS sensors improved with the increasing of laser powers according to
Equation (1). This is different from other absorption spectroscopy laser techniques such as
tunable diode laser absorption spectroscopy (TDLAS).”* The signal amplitude of QEPAS is
proportional to the acoustic intensity generated by the photoacoustic effect. The acoustic inten-
sity is positively related to the laser power and the concentration of the target molecules. When
the background noise and the molecular concentration remains unchanged, the higher the
laser power, the greater QEPAS signal. Due to the special merits of quartz tuning fork, QEPAS
were cost-effective, compact, and capable of running in real time.[*>*>°¢!



APPLIED SPECTROSCOPY REVIEWS . 15

Gold

. Chrome
- Quartz

Laser beam

Figure 10. (A) Schematic diagram of the T-shape QTF. (B) The internal structure diagram of QTF.

As an acoustic-electric transducer, QEPAS sensor shows good environmental noise
immunity, due to QTF having a high Q factor (~10,000) and narrow resonance fre-
quency band. In addition, the QTF is a quadrupole. Sound waves from afar would push
the QTF prongs to vibration in the same direction, which would not excite the piezo-
electric mode of the QTF effectively.””) Another advantage of QEPAS is the small size
of QTF. In Ref. [98], a cylinder gas cell is designed to confine the PA effect induced
sound waves and control the gas flow. The sampling volume was declared to be only
~0.05mL. The gas sampling volume benefits the QEPAS sensor for fast measurement
and gas analysis with small amount.

However, there are also many limitations on the QTFE.*’ The resonance frequency of QTF
may change with temperatures and atmospheric pressures.'*'°") With the change of tem-
perature, the temperature field causes the changes in Young’s modulus of quartz, resulting in
frequency drift."*>') Zheng et al. reported that the resonant frequency of a standard QTF
exhibits a frequency drift of 33.6 ppm from 25.6°C to 70.4 °C."°*) In addition, with the differ-
ence of humidity, the QTF would also exhibit frequency drift caused by the change of damping
effect.!'%! These would be detrimental to QEPAS sensors to deal with a complex situation.

To excite the piezoelectric mode of the QTF, it was necessary to focus the laser beam
between the two QTF prongs. The prong spacing for a standard QTF is ~300 pum.
For most case, micro-acoustic resonators in on-beam configuration was assembled with
the QTF, resulting in an additional optical length of ~10 mm. The excitation light beam
must be collimated through the resonator and the QTF. Any illumination on the QTF
or resonator surface may result in photothermal background noise. For light sources
with poor beam quality such as light emitting diodes, terahertz sources etc., this photo-
thermal background noises are nearly unavailable.'*®’ Scatter light-/electrical- modula-
tion cancelation method, or custom tuning forks with large prong spacing may solve
this problem."""'°! However, a more complex optical or electrical system will be
required for the modulation cancelation method.

F [99
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Conclusions

This article reviews the design and processing of quartz tuning forks, the different
standard and custom types presented in literature, and their application in quartz-
enhanced photoacoustic spectroscopy. We highlight the relationship between the funda-
mental properties of QTFs, which are resonance frequency, Q factor and equivalent
resistance, and geometric parameters. We described the manufacturing process of quartz
tuning fork from a piece of quartz to a complete quartz tuning fork in detail, including
the cutting of crystal, the processing of electrodes, and the coupling of electrodes
and crystal.

Different types of quartz tuning, including the standard tuning fork and customized
tuning forks, were reported. The customization of QTFs for QEPAS applications origi-
nated from the need for: i) lower resonance frequencies to reduce the effect of molecular
relaxation on the photoacoustic signal; ii) high quality factor, iii) lower electrical resist-
ance; iv) a large gap between the prongs, to reduce the background noise due to laser light
hitting the QTF; v) better piezoelectric performance and optimized charge collection; vi)
optimized strain field between the prongs and their support. This led to the development
of QTFs having the same shape of the standard one, but different geometrical sizes, or
QTFs having different shapes compared to the standard one, ie., T-shaped progs or
carved prongs. Moreover, thanks to the low fundamental-mode resonance frequency, sev-
eral QTFs were employed in QEPAS sensors exploiting the first overtone flexural mode.
Such resonators also opened the way to the use of frequency division multiplexing to
achieve the simultaneous detection of two gases with one tuning fork.

It is worth mentioning that silicon crystal oscillators play the role of quartz crystal
competitors in certain fields, such as communication systems, time reference, etc.,!'”’
by virtue of their potential integration into silicon-based IC platforms. Therefore, new
materials can be further employed to develop tuning forks with improved performance
like for example Lithium Niobate that shows very high piezoelectric performance.!'%®!
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