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A quartz crystal microbalance (QCM) is a typical acoustic transducer that undergoes a frequency shift due to

changes in the mass of its surface. Its high sensitivity, robustness, small size design, and digital output have led to

its widespread development for application in the fields of chemistry, physics, biology, medicine, and surface

science. Mass sensitivity is one of the vital parameters and forms the basis for quantitative analysis using QCMs.

quartz crystal microbalance (QCM)  mass sensitivity  electrode parameter

1. Introduction

A quartz crystal microbalance (QCM) is a typical bulk acoustic wave device that consists of a vibrating quartz plate

sandwiched between two metal excitation electrodes. Due to the piezoelectric effect of quartz crystals, the QCM is

a typical mass sensor that can translate the mass change on its surface into a frequency change . With the

advantages of simple structure, easy operation, low cost, high sensitivity, and measurement accuracy that can

reach the nanogram level, QCMs have been widely used in chemistry, physics, biology, medicine, and surface

science for compositional analysis of gases and liquids, as well as measurement of micromasses and film

thickness and in viscoelastic structure detection . The further development of the subsequent

electrochemical quartz crystal microbalance (E-QCM) and quartz crystal microbalance with dissipation (QCM-D)

techniques facilitate online tracking to detect changes in microscopic processes, with the advantage of access to

rich information that is not possible with other methods .

A large number of review articles of QCM-related works have been published in the past. However, they are mainly

application-oriented review articles. For example., Thompson et al. reviewed the theoretical aspects of QCMs for

liquid phase operation and suggested measurement methods and applications . Fauzi et al. focused on the

graphene-material-based QCM sensors for gas and humidity detection . Mujahid et al. provided a comparative

review of high-frequency acoustic sensors (mainly QCMs, SAWs, and FBARs) for chemical and biochemical

applications . Later, Dirri et al. provided a review of QCM sensors for monitoring contaminants in space

missions, i.e., space shuttle flights, NASA Space Transportation System (NASA STS), and satellite missions .

Akgöneüllü et al. reviewed QCM biosensors based on the molecular imprinting technique for disease-related

biomarkers . In addition, Alassi et al. presented a comprehensive review of the various existing electronic

interfacing systems of QCMs, including impedance-based analysis, oscillators (conventional and lock-in based

techniques), exponential decay methods, and the emerging phase-mass-based characterization . 
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The core component of the QCM is a quartz crystal resonator, so early publications on this topic also referred to it

directly as a QCR, which was first used as a frequency control element . As early as 1944, Bottom pointed

out that the frequency change of a quartz crystal resonator during the aging process is proportional to the change

in its surface thickness . Around 15 years later, Sauerbrey theoretically deduced the relationship between the

frequency shift and the mass change on the surface of QCM when ignoring the effect of the metal electrodes as 

(1)

where the negative sign indicates that the resonant frequency decreases as the additional mass on the surface of

QCM increases.  f0  is the fundamental frequency of the QCM,  ρq  (=2.648 g/cm ) is the quartz crystal

density, μq (=2.947 × 10  g/cm·s ) is the shear modulus of the AT-cut quartz crystal, A  is the effective vibration

area, and  Cf is the Sauerbrey mass sensitivity. Δm and Δf are the additional mass attached to the surface of QCM

and the corresponding frequency shift, respectively. However, it is worth noting that the Sauerbrey equation is

satisfied when the additional mass layer is rigid, uniformly distributed, and of small mass. The Sauerbrey equation

can be used to quantify the relationship between mass information and electrical signals, thus laying the theoretical

foundation for the use of a QCM as a mass sensor.

However, in practice, QCMs must have metal electrodes, so the effect of metal electrodes on the mass sensitivity

cannot be ignored . Due to the metal electrodes, the QCM mass sensitivity cannot simply be considered as a

constant, but as a Gaussian distribution . The electrode parameters have great influence on the mass

sensitivity of the QCM, which may lead to increased errors in quantitative analysis. In quantitative analysis in the

gas phase, Cf—which is the integration of the mass sensitivity over the sensing area, also known as the equivalent

mass sensitivity—is mainly used, so the mass sensitivity distribution is important for QCM gas phase applications

.

For a single drop of liquid on the center of a QCM electrode, the frequency change can be calculated using the

following equation :

(2)

where re and rd are the radii of the electrode and droplet, respectively. ρL and μL are the density and viscosity of

the liquid, respectively. K is also the equivalent mass sensitivity, which means that the QCM mass sensitivity plays

a decisive role in the frequency response of a single drop of liquid. It can be seen that the frequency variation of

the QCM is still proportional to the mass sensitivity distribution in the droplet test.
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Kanazawa et al. derived the formula for calculating the frequency change of the QCM when one surface of QCM is

fully immersed in a Newtonian liquid :

(3)

The thickness shear wave of the QCM is transmitted into the liquid interior through the contact with the liquid

surface, and this shear wave rapidly decays to zero under the damping effect of the liquid load. According to

acoustic wave theory, the penetration depth of the acoustic wave in the liquid is determined by the acoustic

frequency, liquid viscosity, and liquid density .

(4)

Only the liquid layer within the depth of acoustic wave penetration, also known as the effective mass layer, affects

the resonance frequency of the QCM . Therefore, it can be shown that Equation (3) can be exactly equated to

Equation (1). That is, the frequency change of Kanazawa’s equation in the liquid phase test is still proportional to

the equivalent mass sensitivity, which means that mass sensitivity has an indispensable effect on the quantitative

analysis of QCM in both gas and liquid phases. Therefore, it is necessary to investigate the influence of electrode

parameters (electrode shape, electrode diameter, electrode thickness, electrode material, etc.) on the mass

sensitivity distribution of QCM.

2. Electrode Shape and Mass Sensitivity

The shape commonly used for QCM electrodes is a symmetric circular configuration, also known as the m-m

electrode QCM, as shown in Figure 1. Many scholars including Cumpson, Hillier, and Josse, have calculated the

mass sensitivity distribution of the m-m electrode QCMs and found that it conforms to Gaussian distribution 

. Cumpson et al. found that the higher the electrode density, the more the QCM vibration is confined to the

electrode center .
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Figure 1.  Schematic diagram of the structure and mass sensitivity distribution of the m-m electrode QCM .

Here a  is the radius of the circular metal electrode. h and h′ are the thickness of the quartz wafer and the metal

electrode, respectively.

In 1998, Josse et al. were the first to analyze the radial dependence of the mass sensitivity distribution for QCMs

with modified electrode shapes, mainly n-m electrode QCMs and ring electrode QCMs, as shown in Figure 2a,b,

respectively . The n-m electrode QCM has circular electrodes on both upper and lower sides, but the diameter of

the upper electrode (called n electrode) is smaller than that of the lower electrode (called m electrode). Generally,

the diameter of the upper and lower electrodes are directly used to name the n-m electrode QCM; for example, the

name 4–7 QCM indicates that the upper and lower diameters of the n-m electrode QCM are divided into 4 and 7

mm, respectively . In the field of frequency control, it is recognized that quartz crystal resonators with n-m

electrodes have a higher Q value than quartz crystal resonators with m-m electrodes, which means better stability.

Josse et al. concluded that compared with the conventional m-m electrode QCM, the energy is more concentrated

in the central region of the smaller electrode, which therefore have a higher mass sensitivity. The calculated results

for the mass sensitivity distribution of the AT-cut, 11 MHz QCM with a mass loading factor of 0.006, are shown

in Figure 2c. The 4–7 QCM has a significantly higher sensitivity curve than 7–7 QCM, which indicates that the
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mass sensitivity distribution of the n-m electrode QCM is significantly higher than that of the m-m electrode QCM.

The 3–7 QCM has a significantly higher sensitivity curve than 4–7 QCM, which indicates that the smaller the

electrode, the more energy concentrated at the center of the QCM and, therefore, the higher mass sensitivity. They

also calculated the mass sensitivity of QCM with different mass loading factors for 4–7 QCMs, as shown in Figure

2d. It can be seen from the results that the larger the mass loading factor, the greater the mass sensitivity of n-m

electrode QCM. The ring electrode QCM, as shown in Figure 2b, has a ring electrode on the upper surface and a

circular electrode on the lower surface. Figure 2e,f show the particle displacement amplitude and mass sensitivity

function distribution of the ring electrode QCM, respectively. It can be seen that the mass sensitivity of the ring

electrode QCM shows a bimodal distribution, rather than the Gaussian-type mass sensitivity function distribution of

the m-m electrode QCM and n-m electrode QCM, and the concavity trend between the bimodal peaks can be

optimized by adjusting the mass loading factor.

Figure 2. Schematic diagram of the structure of the (a) n-m electrode QCM and (b) ring electrode QCM. The mass

sensitivity distribution function of n-m electrode 11 MHz AT-cut QCMs under (c) different diameters and (d) different

mass loading factors. (e) Particle displacement amplitude profile and (f) mass sensitivity distribution function of ring
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electrode 11 MHz AT-cut QCMs . b and c are the radii of the upper electrode and lower electrode for the n-m

electrode QCM, respectively. d and e are the radii of the inner and outer electrode, respectively.

The Gaussian-type mass sensitivity distribution is not conducive to the quantitative analysis of QCM in practical

applications, which is one of the reasons for poor reproducibility of QCM quantitative analysis . Therefore,

scholars hope to obtain uniform mass sensitivity by optimizing the QCM electrode shape, i.e., the mass sensitivity

becomes a constant in the central region. In 2008, Richardson et al. continued to explore the mass sensitivity

distribution of ring electrode QCM in depth with Josse’s work . They illustrated, by calculation, that uniform

mass sensitivity distribution can be obtained for AT-cut ring electrode with inner and outer diameters of 4 and 10

mm, respectively, at a mass loading factor of 0.0025. They tested the mass sensitivity distribution of this ring

electrode QCM using the droplet weight method. Unfortunately, the experimental results showed that there is still a

concavity between the double peaks of the mass sensitivity distribution of this ring electrode QCM.

Shi et al. investigated the mass sensitivity distribution of an AT-cut rectangular ring electrode QCM . The

electrode was also rectangular with its central part missing, thus forming a rectangular ring electrode. It was found

that the vibrations tend to be trapped in the electrode region and decay away from the edge of the electrode.

Through theoretical calculations and finite element analysis, the authors also demonstrated that by properly

designing the electrode size, the vibrations in the central part of the plate can be made almost uniform, resulting in

uniform mass sensitivity distribution. Unfortunately, there is no experimental evidence to support their idea.

In 2013, Gao et al. investigated the mass sensitivity distributions of several other modified electrode QCMs, mainly

ring electrode QCM, dot-ring electrode QCM, and double-ring electrode QCM, in order to obtain uniform mass

sensitivity function distribution . The thicknesses of quartz wafer for fundamental, third overtone, and fifth

overtone operating frequencies of 10 MHz QCM were 0.1648, 0.4974, and 0.8298 mm, respectively, with an

electrode thickness of 1000 Å and inner and outer diameters of 2.12 and 2.85 mm, respectively. They first

calculated the mass sensitivity distributions for fundamental, third overtone, and fifth overtone operating

frequencies of 10 MHz, as shown in Figure 3c, and it can be seen that the fifth overtone mode is more suitable for

obtaining uniform mass sensitivity function distribution. Then, the authors presented the dot-ring electrode QCM,

and the double-ring electrode QCM, as shown in Figure 3a,b, respectively. Figure 3d shows the theoretical mass

sensitivity function distributions calculated by authors. It can be seen that by forming two additional peak points, the

concavity of the mass sensitivity distribution for the double-ring electrode QCM is significantly reduced compared

with the ring electrode QCM and the dot-ring electrode QCM. It is worth noting that the mass sensitivity curve of

QCM should be smooth and derivable everywhere, so there is room for further refinement of the calculation by Gao

et al.
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Figure 3.  Schematic diagram of the structure of the (a) dot-ring electrode QCM and (b) double-ring electrode

QCM. Mass sensitivity distribution for (c) ring electrode QCMs with fundamental, third overtone, and fifth overtone

operating frequencies of 10 MHz. (d) Ring, dot-ring, and double-ring electrode quartz crystal resonators with

fundamental operating frequencies of 10 MHz . Here, g, n, and m denote the radius of the center dot and the

inner and outer radii of the outer ring for the dot-ring electrode QCM, respectively. s, t, q, and p denote the inner

and outer radii of the inner ring and the inner and outer radii of the outer ring for the double ring electrode QCM,

respectively.

Based on Gao et al., other additional configurations of electrode shapes have been designed to obtain uniform

mass sensitivity distribution . For example, Jiang et al. used mathematical models and the finite element

method (FEM) to further analyze in depth the mass sensitivity function distribution of the double-ring electrode

QCM . Through theoretical calculations and finite element simulations, they found that the mass sensitivity

distribution of the double-ring electrode QCM varies with the electrode sizes s, t, n, and m. The average mass

sensitivity of the double-ring electrode QCM was at its maximum and most uniformly distributed in this simulation

when the size of s is close to half of n. This conclusion also applies when the value of t is close to half of m.

Moreover, when the size of the electroded region is larger than the size of the partial electroded region (within the

limit), the average mass sensitivity value will increase. In addition, there exists an optimal electrode outer radius

with a more uniform displacement distribution for the double-ring electrode QCM. Soon after, they continued to

investigate the distribution of the uniform mass sensitivity function of the ellipsoidal electrode QCM, as shown

in Figure 4  . Their results show that in order to achieve the uniformity of the mass sensitivity of the elliptical ring

electrode QCM, it is recommended that the ratio of the short axis to the long axis of the elliptical ring electrode
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should be 0.8. In addition, by selecting the appropriate parameters, a more uniform mass sensitivity function can

be obtained for the elliptical double ring electrode QCMs.
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Figure 4. Structure of QCM with (a) elliptical single ring, (b) circular ring, (c) elliptical double ring, and (d) circular

double ring electrodes. R , R , R , and R  are the radii of each circular electrode, respectively, and P , P , P , and

P  are the major semi-axes of each elliptical electrode, respectively. Q , Q , Q , and Q  are the short semi-axes of

each elliptical electrode, respectively. Surface displacement distribution of (e) circular single-ring electrode QCM,

(f) elliptical single-ring electrode QCM, (g) circular double-ring electrode QCM, and (h) elliptical double-ring

electrode QCM .

However, the mentioned electrode shapes are too complicated to process and are not conducive to practical use.

Therefore, the mass sensitivity distributions of these QCMs with different electrode shapes have not been

experimentally verified. In 2018, through theoretical calculation analysis, Huang et al. found that beyond the

electrode mass loading factor, the inner and outer diameters of the ring electrode also have a significant effect on

the mass sensitivity distribution of the ring electrode QCMs . They concluded that uniform mass

sensitivity distribution can be obtained with a ring electrode QCM when satisfying conditions of a suitable (1) ratio

of inner and outer diameters; (2) inner diameter value; and (3) electrode thickness (depending on the mass loading

factor). Take the AT-cut 10 MHz ring electrode QCM with inner and outer diameters of 2 and 5 mm, respectively, as

an example, shown in  Figure 5a. When the electrode material was gold, a mass loading factor of 0.0044 was

suggested to obtain uniform mass sensitivity. For a silver electrode, the mass loading factor should be 0.0033. The

theoretical calculation results are shown in Figure 5b. Finally, they demonstrated that mass sensitivity distribution

was approximately uniform using the coating experiment.

1 2 3 4 1 2 3

4 1 2 3 4
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Figure 5.  (a) The angled view (upper) and profile map (lower) of the ideal ring electrode QCM, where  t   is the

thickness of the electrode and d  and d  are the outer and inner diameters of electrode, respectively. (b) The ring-

electrode on the topside (upper) and circle-electrode on the backside (lower) of actual ring electrode QCM. (c)

Mass sensitivity distribution of AT-cut 10 MHz ring electrode QCM having inner and outer diameters of 2 and 5 mm,

respectively .
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