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In this work, we experimentally measured the absolute mass sensitivity of quartz crystal microbalance (QCM)
resonators with one ring electrode on the sensing side and compared it to standard QCM resonators with disc
electrodes on both sides using electrodeposition. This method allows to compare the absolute mass sensitivity of
a ring electrode QCM and standard QCM resonators. The results showed that the average absolute mass sensi-
tivity of a QCM resonator with a ring electrode on one side and a disc electrode on the other side is larger than

the one of standard resonators with disc electrodes on both sides. If the ring electrode is facing the electrolyte,
the absolute mass sensitivity is 10.28% higher, and for the disc electrode side it is still 5.33% higher. This shows
that the ring electrode geometry improves the absolute mass sensitivity in comparison to a standard electrode
structure, and therefore reveals a path to improve QCM detection sensitivity in electrochemical research.

1. Introduction

The quartz crystal microbalance (QCM) technique is of great im-
portance for detecting small mass changes due to its ultrahigh mass
sensitivity and simple structure [1-6]. The response of a QCM resonator
to mass change is defined as QCM mass sensitivity, which is critical for
practical applications. The common QCM resonators are typically made
of a piezoelectric AT-cut quartz crystal disc patterned with two thin
gold or aluminum film electrodes on both sides. A thickness shear mode
(TSM) bulk acoustic wave is generated by applying an alternating
voltage between the two electrodes [7]. Sauerbrey presented a re-
lationship between the resonance frequency shift of the shear wave and
the variation in interfacial mass [8],
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where Af is the resonance frequency shift due to surface mass loading;
fr and fy are the resonance frequencies of the quartz crystal with and
without mass loading, respectively; Am is the mass change on the QCM
surface, A is the surface area of the deposit, yg is the shear modulus of
AT-cut quartz crystal (4, = 2.947 x 10" g/cm's®), and p, is the density
of quartz (p, = 2.643 g/cm®). This equation indicates that the change
of resonance frequency is always negative with the increase of surface

mass loading on the quartz.

According to Sauerbrey’s equation and well known, the absolute
mass sensitivity can be improved by reducing the thickness of the
quartz crystal and thus increasing its fundamental resonance frequency
fo. However, it is quite difficult to fabricate and apply extremely thin
quartz crystals because of their fragility. Common QCMs have a re-
sonance frequency range of 5 to 10 MHz with a thickness between 167
and 330 um [9]. Even though QCMs with a resonance frequency from
170 to 195 MHz have been realized by a special design, their reliability
and durability are poor [10,11]. Considering these limitations, the
improvement of the absolute mass sensitivity by optimizing the design
of QCM electrode structure becomes attractive.

The QCM mass sensitivity is not uniform but follows a nearly
Gaussian distribution [12,13]. A convincing example is that the fre-
quency changes caused by the mass of particles deposited on different
positions of the surface are not the same [14]. In fact, the mass sensi-
tivity distribution is closely related to the particle displacement am-
plitude [15]. Richardson et al. presented a ring electrode design pre-
dicted by theory for sensitivity distribution to achieve a uniform mass
sensitivity distribution [15]. Zhu et al. achieved a nearly uniform dis-
placement distribution and mass sensitivity of the ring electrode quartz
resonator by optimizing the size of the electrodes and the mass ratio of
the electrode to the plate [16]. Shi et al. studied a quartz resonator with
rectangular ring electrodes for getting a uniform vibration distribution
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[17].

In this paper, we experimentally measured the absolute mass sen-
sitivity of quartz crystal microbalance (QCM) resonators with one ring
electrode on the sensing side and compared it to standard QCM re-
sonators with disc electrodes on both sides using electrodeposition. This
method allows to compare the absolute mass sensitivity of a ring
electrode QCM and standard QCM resonators. We show that the
average absolute mass sensitivity of a QCM resonator with a ring
electrode on one side and a disc electrode on the other side is larger
than the one of standard resonators with disc electrodes on both sides.
This shows that the ring electrode geometry improves the absolute mass
sensitivity in comparison to a standard electrode structure, and there-
fore reveals a path to improve QCM detection sensitivity for studying
electrochemistry applications where a higher absolute mass sensitivity
is desirable. These modified QCMs might also be beneficial for the study
of viscoelastic layers, battery layers and reactions in ionic liquids where
Sauerbrey’s equation cannot be applied due to non-gravimetric con-
tributions.

2. Experimental section
2.1. Specifications of ring electrode QCM and standard QCM

Modifying the design of the electrode structures is a central ap-
proach to achieving a higher absolute mass sensitivity for the fabrica-
tion of QCM sensors [18]. Recently, we designed a QCM resonator with
one ring electrode on one side and a disc electrode on the other side
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(Fig. 1) [19]. We showed that electrochemical QCM measurements are
possible with that configuration, and determined the mass sensitivity
constant S for both ring side or disc side of these resonators as working
electrode (WE) [20]. In the current work, we compare the integral
absolute mass sensitivity C as defined in Eq. (2) of such resonators with
the one of resonators with a standard electrode (Fig. 1(b)) geometry
(discs of equal area on both sides). Diameter (8.7 mm) and fundamental
frequency (10 MHz) of the resonators were the same as in our earlier
study [19]. The electrode thickness was 80 nm in all cases.

2.2. Calculations of absolute mass sensitivity based on electrodeposition

As before, we applied an electrodeposition approach to determine
the QCM absolute mass sensitivity C. This method is actually often used
in the experimental calibration and for verification of the theoretical
values [21,22].

We experimentally determined the absolute mass sensitivity of
QCMs with ring and disc electrodes by measuring the resonance fre-
quency change of a quartz crystal during deposition of Cu from a sulfate
based Cu(Il) electrolyte and applying Faraday’s laws of electrolysis.
This electrolyte was selected, as sulfate based Cu(Il) electrolytes had
been used before for sensitivity analysis of QCM resonators and were
recommended for calibration of such resonators [22-25]. Also, one of
the authors had worked before with this electrolyte for QCM model
studies [26]. Sulfate based electrolytes have the advantage that the
standard potential for Cu(I)/Cu(0) is more positive than the one for Cu
(I)/Cu(l), rendering Cu(I) unstable at Cu deposition potentials,
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Fig. 1. Schematic drawings of the ring electrode and standard QCM resonators. (a) QCM resonators with a ring electrode on one side and a disc electrode on the other
side; 1, II: bare quartz surface or electrode layer on both sides, respectively; III: electrode layer on one side only; quartz diameter d; (d; = 8.7 mm), outer diameter of
ring electrode d, (d, = 5.1 mm) and inner diameter of ring electrode d3 (d3 = 2 mm). W; (W; = 0.5 mm) and W, (W, = 0.3 mm) are the width of the electrode
contact pads and an opening in the ring electrode (manufacturing restrictions), respectively. (b) Standard QCM resonators with two disc electrodes on both sides. d;
(d; = 8.7 mm), dy (d» = 5.1 mm) are the quartz and the disc electrode diameter; I, II: bare quartz surface of electrode layer on both sides, respectively; W;
(W; = 0.5 mm) is the width of the electrode contact pads. All electrodes have the thickness Tg (Tz = 800 A).
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Fig. 2. Cyclic voltammograms of Cu deposition and dissolution in an electrolyte of 0.01 M CuSO4-5H,0, 0.1 M Na,SO,4 and 5 mM H,SO,, at a sweep rate of 5 mV/s.
Both current densities (lines) and related resonance frequency changes extracted from admittance spectra (blue dots). (a) Ring electrode, ring electrode QCM. (b) Disc

electrode, standard QCM.

lowering the risk of loss of intermediate Cu(I) and eliminating Cu
corrosion by Cu(Il). Still, there is a slight chance that some Cu(I) may be
lost due to diffusion away from the surface [27,28]. Oxide formation is
avoided due to the low pH. A possible alternative would be based on Pb
underpotential deposition [3,23,29,30]. However, the Cu electrolyte is
less toxic and is based on bulk electrodeposition, causing larger fre-
quency changes and therefore better signal to noise ration. Another
alternative would have been silver deposition [31]. The calibration
process can be summarized by [32],

_ N _d
Am  dm’ 2
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t
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where Af is the resonance frequency shift due to a surface mass loading;
m is the electrodeposited Cu mass in grams, Q, F (F = 96485C/mol), M
(M = 63.5 g/mol) and z are the total electric charge passing through
the cell in coulombs, the Faraday constant, the molar mass of copper
and the valency number of the Cu ions (i.e. 2 = 2), respectively. A
larger value of C means that a given mass change causes a larger fre-
quency change, i.e. a larger measurement signal and thus enhanced
sensor sensitivity. I and t are the time-dependent copper deposition
current and the total deposition time, respectively. Eq. (2) shows that
the absolute mass sensitivity is determined by the resonance frequency
shift caused by the mass changes on the electrode surface. Egs. (3) and
(4) are Faraday’s laws of electrolysis and describe quantitative re-
lationships between the amount of material produced at an electrode
with the total conducted charge during an electrochemical reaction.
The electrochemical cell is the same as used in our earlier work
[19]. The instrumental setup consisted of an Electrochemical Interface
SI1287 (Solartron), a network analyzer (NA) E5100A from Agilent for
measurement of the quartz admittance spectra, and a splitter box to
connect the WE to both devices without causing interference. The
electrolyte (100 ml) is made of 0.01 M CuSO45H,0, 0.1 M Na,SO,4 and
5 mM H,SO,. The working electrode (WE) is the ring or disc electrode
of the respective QCM resonator facing the side exposed to the elec-
trolyte, while the electrode on the other side is insulated from the
electrolyte via a sealing O-ring. It is mounted in a holder placed at the
bottom of the cell. The counter electrode (CE) is a Pt wire, and the
reference electrode (RE) is a commercial Hg/Hg>S0,4/0.6 M K>SO4

electrode (+0.658 V vs. NHE), to which all potentials are referred to in
this work. Experiments were carried out at room temperature (25 °C).
The electrolyte was purged with Argon (V0l.99.999%, Westfalen AG,
Germany) before and between the experiments. During the experi-
ments, Ar bubbling through the electrolyte was stopped to avoid dis-
turbing the experiment but above the electrolyte Ar purging was
maintained. Cyclic voltammograms (CVs) were measured at a sweep
rate of 5 mV/s and guided the selection of the deposition potential.
Copper films were potentiostatically electrodeposited at —0.464 V on
fifteen quartzes in total (group A: 5 quartzes with ring electrodes as
upper and disc electrodes as back electrodes; group B: 5 quartzes with
disc electrodes as upper and ring electrodes as back electrodes and
group C: 5 quartzes with disc electrodes on both sides), in each case for
30 min.

2.3. Characterization of the thin films

To study the Cu film morphology, two symmetrical regions near the
edge of the deposited films on all types of electrodes were characterized
with atomic force microscopy (AFM). A multimode EC-STM/AFM in-
strument (Veeco Instrument, Inc.) with a Nanoscope IIID controller and
the Nanoscope 5.31rl software (AFM tips, Bruker RTESP-300.) was used
[33]. For each coating, two symmetric points close to the outer edge but
on opposite sides of the Au working electrodes were selected for AFM
measurements.

3. Results and discussion
3.1. Cyclic voltammograms and potentiostatic electrodeposition

The obtained voltammograms were in line with earlier work (cf.
Fig. 2) [19]. Based on the CV data, a deposition potential of —0.464 V
vs. Hg/ Hg>504/0.6 M K,SO, was selected.

The Cu layers on the different electrodes were deposited po-
tentiostatically for 30 min (Fig. 3). A typical Cottrell-like response with
an initially rapid current decay followed by a more gradual decrease
was observed. In the end, a small, relatively constant current was ob-
tained, due to natural convection. The resonance frequency first
showed as well a rapid decrease, corresponding to the initially larger
currents, and then decreased linearly. The slopes of the Af vs. T plot are
then —3.102 x 10% Hz/s and —3.206 x 10* Hz/s for Fig. 4(a) and
Fig. 4(b), respectively. Fig. 4 shows the relationship between the elec-
tric charge and the resonance frequency for the whole electrodeposition
process. The Adj. R-Square values of linear fit lines are 0.99898 and
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Fig. 3. Potentiostatic Cu electrodeposition at —0.464 V vs. Hg/Hg»S0,4/0.6 M K,SO, in deaerated 0.01 M CuSO45H,0, 0.1 M Na,SO, and 5 mM H,SO,. (a) Ring

electrode, ring electrode QCM. (b) Disc electrode, standard QCM.

0.9998, respectively. The AQ/ A vs. Af line in the experiment basically
coincides with the straight line after linear fitting, which shows that the
absolute mass sensitivity is basically unchanged throughout the whole
deposition process, that is, the calculation is reliable.

3.2. Average roughness of the thin copper films

The average roughnesses at the two symmetrical measurement
points were very close to each other for each coated quartz, e.g. for the
disc electrode of a standard QCM resonator they are 19.32 nm and
21.65 nm, respectively. The roughness of the exemplary samples shown
in Fig. 5(a), Fig. 5(b) and Fig. 5(c) are 18.80 nm, 22.32 nm and
19.32 nm, respectively. These AFM data indicated that all the measured
regions exhibited a uniform morphology, and artifacts e.g. due to
roughness effects in the QCM measurements are not to be expected. As
Cu(l) formed as an intermediate during the Cu electrodeposition is
thermodynamically unstable, Cu mental might also form by a dis-
proportionation of Cu(l), i.e. an electrochemical-chemical mechanism.
While this has no impact on the charge-mass-balance, it can affect the
morphology of the layers observed in the ex-situ AFM images.

3.3. Absolute mass sensitivity of the ring QCM and standard QCM

After the deposition, the absolute mass sensitivities (Table 1) were
calculated by Egs. (2)—(4). A, C, C, § and R represent the surface area of
the deposit, absolute mass sensitivity, average absolute mass sensitivity,

standard error and comparative relative indicators, respectively. The
results shown for group A are for Cu films deposited on the ring elec-
trodes and for group B on the disc electrodes of five (different) asym-
metrical electrode QCM resonators each, all with the same specifica-
tions; group C represents results for Cu films deposited on the disc
electrodes of five standard QCM resonators.

The minimum and maximum standard error are 4 x 107 Hz/g and
5 x 107 Hz/g, respectively, confirming the reliability of the approach.
The average absolute mass sensitivities of group A, B and C are
1.1871 x 10° Hz/g, 1.1338 x 10° Hz/g and 1.0764 x 10° Hz/g, re-
spectively. Totally, the R of group A is larger than that of group B,
showing that the ring electrodes show an enhanced integral absolute
mass sensitivity compared to the disc electrode. This is owed to the
different electrode geometry. Additionally, the average absolute mass
sensitivity of group B is greater than that of group C even though the
WE:s in this case have identical shape, thickness and surface area. These
results show that the QCM resonators with an asymmetric electrode
structure have an improved absolute mass sensitivity compared to the
standard QCM even when the ring electrode serves “only” as the
backside electrode. Please note that the region of the quartz oscillating
is determined by the geometry of both electrodes, only regions with
electrode contact on both sides are piezoelectrically active.

The comparative relative indicators of the average absolute mass
sensitivity of the group A and B are 10.28% and 5.33% higher than
those of the group C. It is known that a ring electrode QCM has an a-
pproximately uniform absolute mass sensitivity distribution, both from
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Fig. 4. Relationship between electric charge and resonance frequency in the whole electrodeposition process. The black line is the AQ/A vs. Af relationship. The red
line is a linear fit line based on AQ/A vs. Af. (a) Ring electrode QCM. (b) Disc electrode of standard QCM.
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Fig. 5. Morphology of representative Cu films. (a) and (b) represent the ring and disc electrodes of the ring electrode QCM, respectively; (c) represents the disc

electrode of the standard QCM.

Table 1
Comparison of the absolute mass sensitivity of ring QCM and standard QCM
resonators.

Type QCM-Ring QCM-Disc Standard QCM-Disc
A(cm?) 0.190866 0.22228 0.222282
1.28013 1.1181 1.06055
1.14734 1.2407 1.07062
C (10° Hz/g) 1.21276 1.09889 1.15397
1.12424 1.11401 1.06964
1.17104 1.09753 1.02736
C 1.187102 1.13385 1.076428
) 0.05496 0.05404 0.041839
R 110.28% 105.33% /

our own research [34] and from literature studies on the displacement
of QCM resonators with ring-shaped electrodes [15-17]. This feature
can contribute to the integrated absolute mass sensitivity and explain
why for the disc electrode on an asymmetric QCM a larger sensitivity is
obtained as compared to a disc electrode of the same size on a standard
QCM resonator.

4. Conclusion

The calibration studies of QCM resonators with different electrode
geometry in this communication show that the absolute mass sensitivity
of QCM resonators with one ring electrode is improved compared to the
absolute mass sensitivity of standard QCM resonators, and the absolute
mass sensitivity of the ring electrodes is higher than those of the disc
electrodes. The QCM with ring electrode reveals a path to improve QCM
detection sensitivity for different applications where a higher absolute
mass sensitivity is desirable.
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