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Quartz tuning fork (QTF) sensors, characterized by simplicity, low cost, and high-quality factor, represent a
significant subset. This study delves into the etching dynamics of QTF systems, crucial for sensor applications like
quartz crystal microbalance (QCM). Both theoretical and experimental investigations into QTF etching, via
methods like electro-etching for large-scale tuning forks (TF) and low-pressure radio frequency (RF) plasma
treatment for QTFs, have been conducted. Surprisingly, post-etching measurements reveal a lower vibrational
frequency for both large-scale TFs and QTFs compared to their bare counterparts, unlike QCM sensors. A novel
formula correlating this frequency reduction to mass loss has been proposed and validated through lots of ex-
periments. Notably, longitudinal homogeneity emerges as a pivotal factor influencing the accuracy of the pro-
posed formula. In summary, the novel mathematical framework presented herein is poised to catalyze the
widespread adoption of low-cost QTFs as mass-sensitive biosensors, marking a significant advancement in the

field.

1. Introduction

Molecule-specific sensors rely on a functionalized sensing layer that
can detect target molecules, and this layer is of great importance for
sensor performance [1]. By etching, specific surface morphologies can
be obtained and desired sensing mechanisms can be created on sensor
surfaces. Etching is a frequently used method in sensor systems, both to
ensure the sensitive detection of some analytes, to enhance the sensing
mechanism, and in sensor design and sensor production processes
[2,3,4,5,6,7,8,9,10,11]. In biosensors, the natural or designed surface
topography has profound effects on the events occurring at the bio-
interface, such as the immobilization and activity of biomolecules. For
example, surface roughness is an important factor in bio-immobilization
efficiency and the target analyte binding capacity of the bio-interface
[12]. This surface roughness can also be obtained by etching pro-
cesses. On the other hand, etching can be used as an intermediate step in
biosensor configurations. One reason for this is that biological molecules
may have an adsorption enhancing effect and this has been shown to
increase the sensitivity [13]. The use of etching in molecularly imprin-
ted polymers based mass sensitive sensors, frequency regulation by
etching is also possible [14,15]. In addition, etching steps can be applied
before forming layers on the mass sensitive sensor [16]. It is therefore
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important to study the etching mechanism in mass sensitive sensors.
Studies have also been reported in the literature that the etching of
nanoparticles grown on the surface of biosensors has been used to
develop plasmonic nanosensors by modulating the size and morphology
of nanoparticles for biosensing applications [17], to clean the sensor
surface [1,16] and to increase biosensing sensitivity [18].

Presently, piezoelectric quartz resonators are mechanical trans-
ducers used for chemical and biological sensor devices that convert the
mass or thickness of a foreign layer of an analyte to an electrical signal.
In quartz crystals, the linear relationship between the frequency
response and the mass accumulated on the crystal surface was discov-
ered by Sauerbrey in 1959. After this discovery, quartz resonators have
gained importance and are used as signal generators or reference sys-
tems in all kinds of electronic devices such as watches and computers,
thanks to their extraordinary properties [19]. Among various piezo-
electric resonators Quartz tuning forks (QTFs), which are bending based
mass-sensitive sensors, have high sensitivity due to their high-quality
factor. Therefore, they have become a widely used component in fre-
quency measurement due to their features such as high frequency sta-
bility, sharp frequency response, repeatability in measurements, low
cost, and low power consumption [20,21]. QTFs are used in many
different fields such as light-induced thermoelastic spectroscopy (LITES)
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technology to improve sensitivity [22,23,24,25,26], velocity and ac-
celeration measurements[27,28], humidity sensor [29], viscosity mea-
surement of liquids [30], measurements of force, pressure and
temperature parameters [31,32,33], density measurement of liquids
[34,35], atomic force microscope [36,37], gas sensor [38,39,40] and
quartz-enhanced photoacoustic spectroscopy (QEPAS)-based sensor
applications  [41,42,43,44] and recently biosensor studies
[27,45,46,47]. With the QTF sensor system, picogram level mass change
can be detected [48]. With these extraordinary properties, QTF is an
alternative to the quartz crystal microbalance (QCM), which is the most
popular shear-based mass sensor known for measuring small changes in
mass, which is very stable and sensitive, based on the relationship be-
tween changes in the mass of the material attached to the crystal and the
oscillation frequency of the crystal [19].

In QCM applications, which are alternatives to QTF, etching studies
are used for frequency adjustment in the resonator production process
[15], to ensure that the QCM regains its sensitivity [49], to clean the
surface in biosensor applications [1,16] and to design the quartz crystal
for high-precision measurements for biosensing [14]. In addition, it has
been reported that the sensitivity of QCM sensors is related to the in-
crease in the resonance frequency, and therefore chemically milled QCM
biosensor studies have been reported to increase biological detection
[50,51].

As mentioned above, in QCM sensors, which are the most widely
used mass-sensitive sensors, the resonance frequencies of the sensor
increase due to the decreasing mass from the crystal surface as a result of
etching the sensor electrodes or the quartz surface in the bare state
[15,52,53] and etching the material coated on the sensor surface
[54,55,56]. However, in QTF, which is also a mass-sensitive sensor like
QCM, it has been observed that the QTF sensor frequency decreases
because of etching the bare sensor surface with etching, unlike QCM.
Studies in the field of QTF have just begun, and studies in the field of
etching are generally seen in the production stage of these sensors
[10,11] and there is only one study in the literature reports that the
frequency of the sensor decreases when the sensor surface is etched. The
focus of this study, in which the metal electrodes on the QTF surface
were etched, is to increase the permeability of laser adsorption of the
sensor system, and the decrease in the sensor frequency with etching of
the QTF sensor surface has not been studied in detail [39]. The geo-
metric structure of QTF is more complex than QCM, and in contrast to
QCM, frequency decreases can occur with etching of QTF in the bare
state.

The purpose of this study is to reveal the mathematical and experi-
mental investigation of the studies on etching of the QTF system, which
is an alternative to the most widely used QCM mass-sensitive sensors
and which will be used in its applications in the future. For this reason,
the QTF sensors in the bare state were etched by low-pressure radio
frequency (RF) plasma and the large-scale tuning fork (TF) surfaces were
electrochemically etched. The experimental and theoretical frequency
shifts comparisons of were made. It has been experimentally and theo-
retically proven that the frequency of TFs decreases when they are ho-
mogeneously etched from the bare state. Since the electrode design
affects the homogeneity of the etching in the electro-etching case,
etchings were performed by trying different electrode designs. In addi-
tion, a new mathematical concept (fractional mass sensitivity) depen-
dent on the homogeneity of the etching was proposed and the
correctness of this concept was proved by experimental studies.

2. Theoretical background and our thesis
2.1. Calculation of frequencies of bare TF, QTF and QCM

Tuning Fork is an acoustic resonator composed of elastic metal rods
with U-shaped, fork structure. They emit sound waves at a single fre-

quency when hit on a surface or object. A tuning fork can be modeled as
a damped oscillating cantilever beam. Therefore, the frequency formula
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of TF can be obtained from the oscillation calculations of the cantilever
beam [34,57]. While tuning forks are made of various metal materials,
quartz tuning forks consist of two quartz beams with applied electrodes
[58]. Quartz is a crystal exhibiting piezoelectric effect and these crystals
start to vibrate when they are excited by a signal close to the natural
vibration frequency [59]. TF resonance frequencies are determined by
the elastic properties of the constituent material (Young’s modulus) and
their shape and dimensions [60]. The dimensions of the TF with circular
cross-section and the QTF with rectangular cross-section are shown
schematically in Fig. 1 and their dimensions are compared with a real
photograph in Fig. 2. In Fig. 1.a, r represents the cross-sectional radius of
the TF with a circular cross-section. In Fig. 1.b, a and b represent the
cross-section lengths perpendicular and parallel to the vibration direc-
tion, respectively. L, defined as the effective length, is the distance be-
tween the zero-vibration point and the tip of the TF.

The prongs of tuning forks vibrate in a symmetric mode corre-
sponding to the first fundamental mode of a cantilever beam [57]. In this
study, the frequency of the tuning fork is modeled according to the first
fundamental mode of a fixed-end beam oscillation. The Euler-Bernoulli
beam theory explains the oscillation of a beam as follows:

dy oy

e T e

(€)]
where E, I, and u represent the Young’s modulus, second moment of area
of the cross-section, and linear mass density of the beam respectively
[61]. In this equation, x is the distance of a point on the beam from the
fixed support, y is the deviation from equilibrium and t is time. The
solution of this partial differential equation (PDE) gives the angular
frequency formula for the first mode, as shown in Equation (2)
[42,62,63].
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W=7 \/; (2

The term EI is called the flexural rigidity, which gives the resistance
offered by a structure during bending, and L is the effective length of the
beam [64]. Since the second moment of area (I) and the linear mass
density () vary depending on the cross-section of the beam, these values
can be written for TFs with circular and rectangular cross-sections as
follows:
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Fig. 1. Schematic representation of the dimensions and the coordinate system
used. a) Large-scale tuning fork with a circular cross-section with r = 1.5 mm
and L = 7.2 cm. b) Quartz tuning fork (QTF) with a rectangular cross-section
with a = 0.27 mm b = 0.54 mm and L = 6 mm. The direction of vibration is
on the y-axis and the fork length is on the z-axis.
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Fig. 2. Dimensional comparison of large-scale tuning fork and quartz tun-
ing fork.

Hreee = pab ©)

where r is the radius of the TF with circular cross-sectional area, p is
density. The Young’s modulus of the large-scale copper TFs used for
etching in this study is 130 GPa [65] and the density is 8.96 g/cm?, while
the Young’s modulus of quartz for QTFs is 7.87 x 10'° N m~2 and the
density is 2600 kg m 3 [66]. By substituting I and y in Equation (2), the
resonant frequency formulas for circular and rectangular TFs can be
rewritten as follows:

0,28 [E
fore = =35 r\ﬁ %)

0.161, |E
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For QCM sensors, the resonance frequency formula:

1 /G
f, =~ 9
Q th pQ ( )

where hq is the thickness of the resonator, G and p, are the shear
modulus (2.947 x 1011 gcm’l 572) and the density (2.648 gcm’B) of the
quartz resonator respectively [67].

According to Equation 7, the values of E and p remain constant
during the etching of a TF with a circular cross-section, while the values
of radius r and length L decrease. However, if etching causes an equal
decrease in all dimensions, the decrease in the value of r will be more
dominant than the decrease in the value of L. According to Equation 8,
which explains the frequency of a TF with a rectangular cross-section,
the values of E and p again remain constant. If etching causes an equal
decrease in all dimensions, the proportional decrease in the parallel
cross-section length b will be more dominant than the proportional
decrease in length L. For these reasons, the frequencies of TFs will
decrease with homogeneous etching.

According to equation 9, where the resonance frequency formula of
QCM is explained, while G and p, values remain constant during
etching, the hg value, that is, the thickness of the resonator, will
decrease. It is clearly seen from here that in case of etching, the fre-
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quency of the QCM will increase as its thickness decreases.

The equations mentioned above for the etching condition are
assumed to be valid under the following assumptions:

Assumption 1: Throughout the TF, etching is carried out uniformly.

Assumption 2: The uniformity of the cross-section scale has a sig-
nificant impact on the frequency of the beam. Therefore, under the same
mass, whether the mass distribution in the length direction is uniform
directly affects its natural frequency, so the scale measurement after
etching is crucial. The cross-section of TF is circular, and the etching
takes place only on the side surfaces of the TF. This means that the radius
shrinks uniformly, while the length does not change. If the reduction in
radius during etching is considered to be proportional to the lateral
surface area of the cylindrical fork and the reduction in length is
considered to be proportional to the cross-sectional area, it can be pre-
dicted that the reduction in length will be relatively negligible. In the
experiments, it was observed that the radius of the over-etched TF was
almost halved, but there was no observable change in its length.

Assumption 3: During electrochemical etching, the effect of anode
mud or some impurities deposited on the surface is neglected.

Under these assumptions, frequency shifts of large-scale TFs with
circular cross-sectional areas in the etching condition were experimen-
tally measured and calculated.

Fractional mass sensitivity of tuning fork: A new approach.

Using the mass, density and volume relationship, the radius of a TF of
circular cross-section is calculated as follows:

[mr
1
r zpLy’ an

where my is the total mass of the TF, p is the density of the layer, r is the
radius of the TF, and Lr is the total length of the TF. Substituting the
value of r in Equation (10) in Equation 7 gives

028 [E \ 15
_ E . 11
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In Equation (11), taking the logarithm of both sides results in Equation
(12), and then taking the derivative of Equation (12) results in Equation
(13). Since it is assumed that L (effective length) and Lt (total length)

will not change with etching, these values are taken as constant when
taking the derivative.

028 | E 1
Inf = ln(pL2 ”ﬂTT) +lnmy. 12
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Equation (13) gives the frequency changes that may occur due to small
mass changes. The coefficient 1/2 here is a number to be expected when
the above assumptions are realized and is specific to TFs with circular
cross-sections. A detailed description of this coefficient is given in
Equation (14) as

Spr_cire = % = %, 14)
where Sj; circ is defined as fractional mass sensitivity. In Equation (14) Af,
Am, fo, and my are frequency shift, etched mass, bare frequency, and
bare mass respectively. The Af is obtained by mathematically sub-
tracting the frequency of the bare TF from the frequency of the etched
TF, whereas the Am is obtained by subtracting the mass of the bare TF
from the mass of the etched TF.

Stadler et al. showed that a point mass loaded at the end of a
cantilever beam has about 4 times more dominant attenuating effect on
the frequency of the beam compared to a homogeneously distributed
mass [68]. This result can be interpreted as follows as seen in Fig. 3. The
excess mass accumulated at the ends dominates the frequency
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Fig. 3. Fractional mass sensitivities for a) etching and b) coating heterogene-
ities, respectively. a.i) little etch of the tip and much etch of the stem, a.ii) much
etch of the tip and little etch of the stem, a.iii) uniform etch, b.i) little coating of
the tip and much coating of the stem, b.ii) much coating of the tip and little
coating of the stem, b.iii) uniform coating. The bare state before etching or
coating is drawn with dashed lines, the final form with solid lines.

decreasing effect of inertia over the increasing effect of flexural rigidity
and has an inversely proportional effect on the frequency. In other
words, if the tip etches too much, it can be thought of as the tip dis-
appearing. In such a case, the length is shortened, which means that the
frequency will increase. Exaggerating the tip will have an inversely
proportional effect on the frequency. That is, if the end regions are over-
coated or etched, the frequency change shifts to the negative and the
sensitivity is less than 0.5. For the opposite case, i.e. heterogeneity,
where the tips are less etched, the sensitivity will be greater than 0.5.

Hypothesis: When a TF with a circular cross section is longitudinally
homogeneously etched, the fractional mass sensitivity should be 0.5. In
the case of longitudinal heterogeneity with more intense etching/
coating at the ends, the sensitivity should be less than 0.5, and vice
versa, greater than 0.5 (Fig. 3).

3. Experimental set-up and infrastructure
3.1. Material

Large-scale TFs with circular cross-sectional area and QTFs with
rectangular cross-sectional area were used in this study. QTF sensors
(GWX-26 series) were purchased from Golledge Electronics Ltd. The
QTFs arrived in vacuum-sealed caps outside. The cap is 2 mm wide and
6 mm long and has a frequency of 32768 Hz. The QTF frequency mea-
surement device was produced by our department working group. This
system works by stimulating the QTFs with sine signals from a DDS chip
and reading the voltage values at the output (for details see Ref. [69]).
Large-scale TFs made of copper and aluminum were purchased from
Argeci Metal Plastik San.Tic.Ltd. Company. The copper TF has a total
length of 17.3 cm and a radius of 0.15 cm. Copper II Sulfate Pentahy-
drate (CuSO4-.5H20) was purchased from Beyanlab Laboratory Prod-
ucts San. Tic. Ltd. company. In large-scale TFs, the frequency was
measured with the *Audio Frequency Counter’ programme, while the
etching mass was measured with a precision balance.

3.2. Etching of large-scale tuning forks

Electrolysis, as known, is an important technique that allows mass
accumulation and etching at the macro level, as seen in many products
we use in our daily lives, with its parameters largely controllable.
Nowadays, electrochemical machining methods are widely used in
various fields such as Micro Electro Mechanical Systems (MEMS) ap-
plications [70], semiconductors [71], medicine [72], and optics [73].
For this reason, electrochemical etching method was used to etch large-
scale TFs. In this study, large-scale copper tuning forks with circular
cross-sections were electro-etched for different periods of time in a
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saturated copper II sulfate pentahydrate (CuSO4-5H20) solution pre-
pared at room temperature and a 5-volt DC power supply was used to
provide the current. Copper TFs were used as anode and cathode in the
electrochemical experimental setup. The etching processes were carried
out in such a way that the front and then the back faces of the tuning
forks were etched, respectively. During electroetching, the surface of the
TF being etched may not have the same electric field strength every-
where, depending on the electrode design. In this case, more etching
occurs in the areas with more electrical charge, while less etching occurs
in the areas with less electrical field charge. Therefore, it is important to
position the electrodes in the electrochemical experiment setup for this
reason the entire surface of the anode electrode can be charged equally
and thus ensure homogeneous etching. Since the equation used to
calculate the frequency values is valid under the assumption of homo-
geneous etch, the differences in electrode designing in the electro-
chemical experimental setup were also evaluated (see Table 1). The
appearance of the electric field lines on the TF surface when a constant
voltage is applied to the metal TFs was modeled with COMSOL multi-
physics 6.1. Since the electric field magnitudes measured at the end and
middle points are proportional to the surface charge density, they can be
used as an indicator of how intense the etching will be at that point. If
the electric fields of the points are close to each other, it can be said that
more longitudinal homogeneity is achieved.

TFs located at different positions will show different longitudinal
etching distributions. In other words, as seen in Table 1, electric field
distributions will create differences in case of etching. In this way, the
effects of etching heterogeneity on fractional mass sensitivity can be
monitored. Different designs have been designed for this purpose. In
Design 1, the anode and cathode, which are used as TFs, are positioned
parallel to each other. According to this electric field distribution, the
ends of the TFs are slightly more electrically charged.

In Design 2, the anode and cathode, which are used as TFs, are
positioned crosswise to each other. According to this electric field dis-
tribution, the middle parts of the TF are more electrically charged.

In Design 3, TFs used as anode and cathode are positioned in the
electrochemical experimental setup with the back parts of the TFs facing
each other. According to this electric field distribution, the end parts of
the TF are relatively less electrically charged.

In Design 4, TFs used as anode and cathode are positioned with their
ends facing each other in the electrochemical experiment setup. Ac-
cording to this electric field distribution, the end parts of TF are over-
loaded with electricity.

In Design 5 and 6, two TFs are placed parallel to the positive pole
(anodes), with a parabolic copper tin in the middle connected to the
negative pole (cathode). In this case, both TFs are etched. In Design 5,
the copper strip, curved parabolically, serving as the cathode is posi-
tioned closer to the ends of the TF, whereas in Design 6, it is situated
farther away from the ends. Consequently, in Design 5, the ends are
expected to undergo more pronounced etching compared to the stem.
Conversely, in Design 6, the opposite scenario is anticipated. Upon
examining the electric field lines of Designs 5 and 6, it can be inferred
that Design 6 will likely result in a more homogeneous etching pattern.

Table 2 shows the initial masses and frequencies and post-etch
masses and frequencies of the TFs used as anodes in the six different
designs mentioned above. In each experiment, two identical TFs, whose
dimensions are shown in Table 2, were used as anode and cathode;
therefore, the anode was abraded while the cathode was coated.

A precision balance with an accuracy of 0.01 g was used to measure
the masses. To determine the etched mass, the masses of both the bare
TFs and the TFs after each etching were initially measured. Subse-
quently, the mathematical differences between these masses were
computed.

A mobile application called “Audio Spectrum Analyzer” was used for
the measurement of TF vibration frequencies. After the sound frequency
measurement of the application was verified with “online tone gener-
ator” programs, oscilloscope and frequency counter, the sound
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Table 1
Demonstration of electrode designs, fork formations (shapes) and electric field distributions (E. Field lines) in electrochemical experimental setup.

# Photos of Electrode designs Shapes Drawings of electrode designs and E. Field lines

Design 1: Parallel

Design 2: Crosswise

Design 3: Back-to-back

Design 4:
End to end

Design 5: Etching of two TF same time

Design 6: Etching of two TF same time
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Table 2
Initial/final masses/frequencies, initial radius, and effective lengths of the
etched TF in the designs.

Des. 1 Des. 2 Des. 3 Des. 4 Des. 5 Des. 6
m; (g) 9.76 6.15 10.27 9.79 7.62 7.62
m¢ (g) 8.16 4.68 9.88 9.57 7.4 7.24
f; (Hz) 254.55 628.69 254.02 237.83 411.26 419.93
¢ (Hz) 236.13 560.74 235.88 240.94 409.87 411.76
R; (mm) 1.5 1.5 1.5 1.5 1.5 1.5
L; (cm) 6.58 4.53 6.64 7.15 5.67 5.51

frequencies of the TFs were measured. The maximum amplitude fre-
quency of the sound spectrum of the TF when it vibrates was considered
as the fundamental mode vibration frequency. The bare frequencies
measured in this way were checked and tested with the formula in
Equation 7. Frequency shifts were obtained for each TF by subtracting its
bare frequency from its measured frequency after each etch.

3.3. Etching of quartz tuning fork sensor surfaces

Plasma is the fourth state of matter, which is a partially ionized gas
produced by providing energy to a neutral gas. Mainly produced by an
electric field, plasma can also be produced by other means such as
magnetic field, nuclear reaction, radio frequency, microwave, or hot
filament discharge. When electrons or photons with sufficient energy
collide with neutral atoms and molecules in the feed gas, electrons and
ions are produced in the gas phase [21,74,75]. Plasma etching is used to
remove surface material from surfaces. Surface cleaning, polishing, and
roughening can be achieved by plasma etching to increase the contact
area [74].

Fig. 4 shows a schematic representation of a RF generated low-
pressure plasma system. The RF power source is used to generate the
plasma, and the vacuum pump is used to maintain a low pressure in the
plasma chamber. The plasma is generated by applying an RF voltage to
two electrodes that are in the plasma chamber. The RF voltage ionizes
the gas in the chamber, which creates a plasma. It is not easy to achieve
nanoscale control in electrochemical etching. On the other hand, plasma
etching, also known as ion milling, is a dry etching technique that allows
for much more controlled and molecular-level etching, as the name
implies. Therefore, in this study conducted with Quartz Tuning Forks
(QTFs), plasma etching method was utilized. 4 QTF sensors with a
rectangular cross-sectional area were etched separately with air plasma
using a low-pressure RF plasma system. Plasma etches QTF sensors by
removing material from the surface of the sensors. Placed on a glass

Radio-frequency
generator

Matching-

Electrodes Network

Vacuum
pump

Glass table

Vacuum chamber ‘_I_l

Fig. 4. Schematic representation of the radiofrequency generated low-pressure
plasma system.
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table, each QTF sensor was positioned in the center of the plasma
chamber and the surface of the sensor was exposed to plasma radiation.
In other words, 4 QTFs were etched separately under the same condi-
tions. The etching process is controlled by plasma conditions such as
power, pressure and time. The plasma conditions in this study were 20
W power, 1.5 E! torr pressure, and each etching time was 2 min.

The QTF demonstrates sensitivity at the picogram level, as evidenced
in our previous study [76]. Therefore, QTFs can easily reach a point
where they cannot function even with minor additions or subtractions of
mass, thus exceeding the measurement range (dynamic range). Conse-
quently, very small amounts of etching need to be conducted on the
sensor surface. Based on our preliminary experiments, it was determined
that exposure durations of 2 min are suitable for reasonable monitoring,
and the experiments were conducted with 2-minute etching intervals.
Frequency shifts were obtained for each QTF by subtracting its bare
frequency from its measured frequency after each etch, and these fre-
quencies were obtained by finding the peaks in the frequency amplitude
plot [77]. These measurements were made with the frequency
measuring device for which we have applied for a patent (PCT/TR2023/
050453). There are two fundamental methods for measuring the fre-
quencies of QCM and QTF. i) By constructing an oscillator suitable for
the frequencies of QCM and QTF, changes in the oscillator frequency are
monitored using a frequency counter. ii) When an oscillating frequency
shiftable oscillator excites QCM and QTF externally, the amplitudes of
the signals they pass through are summed. The frequency value with
maximum amplitude corresponds to the resonance frequency of QCM or
QTF. In both methods, the initial value and the frequency value after
etching are noted, and the AF value is calculated to track mass changes.
Due to the very high quality (Q) value of QTF, constructing an oscillator
and reading it is relatively difficult. Therefore, in our previous studies,
method “ii” has been used, as it is now much cheaper and has higher
resolution. See reference [69] for more detailed information.

4. Results and discussion
4.1. Etching of large-scale tuning forks

In this section, the measured and calculated frequency shift values of
large-scale copper TFs with circular cross-section after electroetching
are compared. The electrodes were designed like Design 1 to each other
in the experimental setup. The resonance frequencies of the large-scale
TF were measured before and after each etching and calculated with
Equation 7.

Fig. 5 shows the frequency shift values measured and calculated
according to Equation 7 as a result of electroetching of TFs with Design
1, with the anode and cathode being copper TFs. Here, a decrease in

Af (Hz)
=

—8—experimental data
@ computation data

-1.5 -1 -0.5 0
Am (g)

Fig. 5. Calculated and measured frequency shift values by positioning copper
TFs according to Design 1.
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both the measured and calculated frequency values is observed. As the
etched mass increases, it is seen that the measured and calculated fre-
quency shift values diverge. In this study, where the electrodes are
designed in parallel, a visible thinning, or heterogeneity, is detected at
the ends of the etched copper TFs compared to the other parts. We
attribute the decrease in the agreement of the measured and calculated
frequency values as the etched mass of the TFs increases to their devi-
ation from homogeneity. In conclusion, as can be seen, the calculated
and measured frequency values decreased with the etching of the sur-
face of large-scale TFs. According to Equation 7, E (Young modulus), p
(density of TF) remain constant during the etching of the TF, and r
(radius of TF) and L (length of TF) decrease. In addition, as seen in
Equation 7, it can also be said that the dominant value in the frequency
drops with etching for large-scale TFs with circular cross-sections is the
radius.

4.2. Etching of quartz tuning forks

QTFs were etched as described in the experimental set-up and
infrastructure section.

As shown in Fig. 6, there is a decrease in frequency values with the
etching of QTF sensors in bare state. According to Equation 8, which
describes the frequency of QTF with rectangular cross-section used in
this study, the determining dimensions are the parallel section length (b)
and length (L). If the etching causes an equal decrease in all dimensions,
the proportional decrease in the parallel cross-section length (b) will be
more dominant than the proportional decrease in length (L), resulting in
a decrease in frequency. Making surface treatments at such a thin level,
i.e., at the picogram level, stable is challenging. QTF 1 and QTF 4
exhibited high compatibility. It is observed that QTF 2 and QTF 3
showed compatibility up to the 6th minute. In QCM, which is the most
commonly used mass-sensitive sensor, the resonance frequencies of the
sensor increase as the mass decreases from the crystal surface due to the
etching of the sensor electrodes or the quartz surface in the bare state
[15,52,53]. According to Equation 9 for bare QCM, h is the thickness, G
is the shear modulus, and p, is the density. From this equation, it can be
easily derived that the frequency will increase as the thickness de-
creases. As in QCM, frequency increase in QTF only occurs in extreme
cases, such as when the length is excessively reduced, or the thickness-
length ratio is disproportionate.

4.3. Fractional mass sensitivity of tuning fork: A new approach

In this section, electro etching experiments of copper TFs used as

2 T
—=—QTF1
......... o @ QTF2
e qrez |
--a--QTF4
2 Nl e
N S e
2 | v
a0
_6 L |
-8 | | ‘ | ‘
0 2 4 6 8 10 12

plasma etching time (min.)

Fig. 6. By etching 4 QTF sensors under the same conditions, frequency shift
values depending on the plasma etching time of each sensor (The same fre-
quency values were seen after each etching in QTF 1 and QTF 4, so the fre-
quency values overlapped in the graph.).
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anode and cathode with various electrode designs (as shown in Table I)
were carried out and the S;_ values obtained depending on the ho-
mogeneity of the etching were evaluated.

The electric field lines of the TFs in Design 1 can be seen in Table 1.
These lines are drawn with proportional vector magnitudes and the
electric field strength distribution along the TF is more uniform
compared to other designs. Since the etching is directly proportional to
the electric field, longitudinally homogeneous etching is assumed, and
the final shape of the TF is shown in column 3. The fractional sensitivity
of this design is shown in Fig. 7. In this experiment, the sensitivity of the
TF at the anode was calculated as S, = 0.4752. A total of five mea-
surements were made and the frequency and mass measurements were
plotted fractionally.

As shown in Fig. 8, TFs were placed as in Design 2 and as a result the
middle parts were overcharged. Since the difference in the electric field
distribution in the middle and end regions is not as high as in designs 3
and 4, it can be considered close to homogeneous. In this experiment,
the sensitivity of the TF at the anode was calculated as Sg iy = 0.4486
and it is observed that TF frequencies decrease with etching.

Design 3 is a layout where the handle parts have excessive electric
field strength. In this case the handles will be etched excessively, and the
sensitivity will be greater than 0.5. In Fig. 9, the fractional mass sensi-
tivity value is calculated as 1.8347.

Design 4 is a layout where the ends have excessive electric field
strength. In this case the tips will be etched excessively, and the sensi-
tivity will be less than 0.5. In Fig. 10, the fractional mass sensitivity
value is calculated as —0.5949. The more significant the longitudinal
heterogeneity, the more the sensitivity deviates from 0.5.

The graphs of designs 5 and 6 are shown in Figs. 11 and 12 respec-
tively. In design 5, since the edges of the parabolic cathode are close to
the tip, a high electric field is generated at the ends of the TF and as a
result, the tip etches more. This results in a heterogeneous shape where
the tips are thinner than the center. This heterogeneous structure will
reduce the sensitivity value well below 0.5. In Fig. 11, the sensitivity is
calculated as 0.1223.

In design 6 the opposite is the case, and it can be predicted that the
excessive thinning at the tip will be pulled to more neutral states. As a
result, the sensitivity value can be estimated to be close to 0.5. In Fig. 12,
the sensitivity is measured as 0.3876.

5. Conclusion and future perspective

In this work, the frequency shifts of large-scale TF and QTF surfaces
due to etching were investigated mathematically and experimentally
and compared with the frequency shifts caused by etching of QCM
sensors. For this purpose, etching was performed on large-scale copper
TFs using the electro-etching method, and on QTF sensor surfaces using
the low-pressure RF plasma method. The frequency shiftts were
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Fig. 7. Representation of the fractional mass sensitivity (Ss_cr.) values of the
etched TF by positioning the electrodes as in Design 1.
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Fig. 8. Representation of the fractional mass sensitivity (Ss_cr) values of the
etched TF by positioning the electrodes as in Design 2.
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Fig. 9. Representation of the fractional mass sensitivity (Sg_ci) values of the
etched TF by positioning the electrodes as in Design 3.
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Fig. 10. Representation of the fractional mass sensitivity (Sg_cir) values of the
etched TF by positioning the electrodes as in Design 4.

measured and calculated. Since the equation that explains the TF reso-
nance frequency is valid under the assumption of homogeneous etching,
the etching studies of large-scale TFs were carried out in the different
electrode designs (since it affects the homogeneity of the etching).

The originality of the study is based on the following two points:

e The decrease in frequency of large-scale TFs and QTF sensors etched
from the bare state has been mathematically and experimentally
demonstrated. The results of etching experiments with TFs and QTFs
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Fig. 11. Representation of the fractional mass sensitivity (Sp_cir) values of the
TF etched by positioning the electrodes as in Design 5.
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Fig. 12. Representation of the fractional mass sensitivity (Sg_circ) values of the
TF etched by positioning the electrodes as in Design 6.

show that as long as homogeneous etching occurs, the frequency will
decrease, which is in complete contrast to QCM etching, which re-
sults in an increase in frequency.

e A new mathematical concept, fractional mass sensitivity, has been
introduced to the literature. It has been mathematically and experi-
mentally verified that the fractional mass sensitivity value defined in
this study should be 0.5 under ideal conditions and with a circular
cross section. To achieve fractional mass accuracy of 0.5, tuning
forks must etch completely uniformly. In this context, longitudinal
homogeneity holds more significance than circumferential homo-
geneity. These factors include longitudinal heterogeneity, circum-
ferential heterogeneity, and roughness. However, it has been shown
in this study that longitudinal heterogeneity is by far the largest
source of error. If etching is performed under ideal conditions, the
ratio of percent frequency shift to percent mass shift of TFs has been
proven to universally yield a ratio of 0.5. With this value as a
reference, very small mass shifts in QTFs can be calculated from the
frequency variation.

For future studies, it is aimed to conduct more experiments on the
etching of QTF sensor surfaces from the bare state and to compare them
by conducting etching experiments from the bare state on QCM surfaces.
Detailed studies will be conducted on the effects depending on the de-
gree of etching. In addition, the reductions that occur in sensor surfaces
due to etching should be investigated using characterization methods
such as atomic force microscopy (AFM) and scanning electron micro-
scopy (SEM).
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