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Resonant mechanical sensors are often considered as mass balance, which responds to
an analyte adsorbed on or absorbed in a thin sensitive (and selective) layer deposited on
the surface of the resonant device. In a more general sense, the sensor measures
properties at the interface of the mechanical resonator to the medium under
inspection. A phononic crystal (PnC) sensor employs mechanical resonance as well;
however, the working principle is fundamentally different. The liquid medium under
inspection becomes an integral part of the PnC sensor. The liquid-filled compartment
acts as a mechanical resonator. Therefore, the sensor probes the entire liquid volume
within this compartment. In both sensor concepts, the primary sensor value is a resonant
frequency. To become an attractive new sensing concept, specifically as a bio and
chemical sensor, the PnC sensor must reach an extraordinary sensitivity. We pay
attention to the liquid viscosity, which is an important factor limiting sensitivity. The
main part of our analysis has been performed on 1D PnC sensors, since they underlie
the same material-related acoustic dissipation mechanisms as 2D and 3D PnC sensors.
We show that an optimal relation of frequency shift to bandwidth and amplitude of
resonance is the key to an enhanced sensitivity of the sensor-to-liquid analyte
properties. We finally address additional challenges of 2D and 3D PnC sensor design
concept. We conclude that the sensor should seek for a frequency resolution close to 107°
the probing frequency, or a resolution with speed of sound approaching 1 mm s, taking
water-based analytes as an example.

Keywords: phononic crystal, sensor, resonant sensor, speed of sound, viscosity

Abbreviations: AFM, atomic force microscopy; FOM, Figure Of Merit; LWR, Lamb wave resonator; MEMS, micro-
electromechanical systems; NEMSs, nanoelectromechanical systems; PnC, phononic crystal; QCM, quartz crystal Micro-
balance; SH, horizontally polarized shear waves.
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INTRODUCTION

Mechanical Resonant Sensors: A Short

Review

Mechanical resonant sensors apply a mechanical element vibrating
at one of its eigenfrequencies. They consequently become sensitive
to variations in those properties, which define the respective
eigenfrequencies. The smaller the devices, the more susceptible
they are to perturbations by external parameters. The dominating
concept of resonant sensors recognizes a change in mass of the
resonator due to adsorption of molecules on the resonator surface.
Therefore, the sensor has often been called microbalance. The
reality is much more fascinating; hence, the validity of this most
simple understanding must be carefully verified (Lucklum and
Hauptmann, 2006).

Modern concepts employ microelectromechanical systems
(MEMSs) and nanoelectromechanical systems (NEMSs). Most
fascinating demonstrations of those sensors are tight-knit with
single nanoparticle detection (Ekinci et al., 2004a). The principle
has been employed for mass sensing (Yang et al., 2006) down to a
single proton (Chaste et al., 2012). NEMSs have proven their
potential as an ultrasensitive mass spectrometer as well. They can
measure the mass of individual molecules in real time and solve
the problem of selectivity by discrimination via their molecular
mass (Naik et al, 2009; Hanay et al, 2012). However, this
exceptional resolution requires experimental conditions
currently available in research labs only. Furthermore, Dohn
et al. (Dohn et al,, 2010), Hana et al. (Hanay et al., 2015), and
just recently Orhan et al. (Orhan et al., 2020) have addressed the
position-dependent sensitivity of the NEMS device. This behavior
results from the nonuniform vibration profile of the flexural
modes in cantilevers or doubly clamped beams commonly used in
NEMSs. The authors have suggested their exploitation for the so-
called inertial imaging. By contrast, Sansa et al. have introduced a
single-mode nanoresonator, where the stiff sensing platform is
supported by four beams and performs in an in-plane translation
mode. Consequently, the frequency shift induced by an adsorbed
particle remains independent of the landing position (Sansa et al.,
2020).

One important aspect of enhanced sensitivity is the
improvement of the relation of mechanical energy stored in
the resonator to mechanical energy lost to the system. The
measurement of tiny changes in the corresponding frequency
requires a high Q-factor of resonance, which is defined as the ratio
of energy stored and dissipated per cycle. It can be measured as
the ratio of the resonator’s resonant frequency, f,.,, and the full
width frequency at half-maximum, frwmy:

fres
Q=—"- 1)
Jrewrm
Considering different loss mechanisms,
Q'=)YqQ" )

The index i reflects different mechanisms, including those based
on material properties. We specifically call viscosity and
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thermoelastic losses (Pitarresi and Patterson, 2003; Greene
et al, 2008) of all materials involved in vibration, losses
depending on the degree of confinement of mechanical energy
within the vibrating body, support (tether, anchor) losses, or,
more general, acoustic wave propagation leaving the vibrating
body (Lochon et al., 2006). For those reasons, all the above
experiments have used almost purely elastic materials like SiC
(Ekinci et al., 2004a; Yang et al.,, 2006) or a carbon nanotube
(Chaste et al., 2012) and have been performed in vacuum. Ekinci
et al. have analyzed that the viscous regime for a small, for
example, a 1 GHz nanomechanical resonance takes place at a gas
pressure above the atmospheric pressure (Ekinci et al., 2004b).
Chapellier et al. reported about a quartz cantilever vibrating in its
length-extension mode in the low-MHz range, reaching an
experimentally determined Q-factor exceeding 200,000 in
vacuum but reaching only 60,000 at atmospheric pressure
(Chapellier et al., 2018). Fischeneder et al. have introduced an
AFM cantilever with a tuneable Q-factor to enable speed
measurements with a high local resolution (Fischeneder et al.,
2018). Reviews by Fanget et al. on bacteria detection and
antibiotic susceptibility testing (Fanget et al, 2011) and just
very recently McGinn (McGinn et al., 2020) and Guruprasad
(Guruprasad and Shetha, 2020) provide an overview of gas
sensors based on gravimetric detection.

Mechanical Sensors for Liquids

When working in a liquid environment, one faces a dramatically
changed situation. The liquid amplifies several loss mechanisms;
hence, the resonance peaks get significantly broader and the
respective Q-factors of cantilevers lower to 200 or even below
(see, e.g., Kucera et al, 2014; Ruiz-Diez et al., 2019). The
frequency readings become less accurate. The two most
important reasons are viscous and acoustic losses, reflecting
acoustic energy dissipation in the liquid and acoustic energy
radiation into the liquid (Ruiz-Diez et al., 2015). A clever trick
going around this problem is to encapsulate the liquid within a
channel in a cantilever (Burg et al, 2007) or double-sided
clamped beam (Barton et al, 2010) surrounded by vacuum.
For liquid sensor applications of MEMS cantilever resonators,
we refer to 2020 reviews by Alunda et al. about AFM (Alunda and
Lee, 2020), Pujol-Vila et al. (Pujol-Vila et al., 2020) about bacteria,
and simulative considerations by Rezaee (SoltanRezace and
Bodaghi, 2020).

The device with the longest tradition and a very successful
example of mechanical resonant sensors is the so-called quartz
crystal microbalance (QCM) in gases (Sauerbrey, 1959) and
liquids (Kanazawa and Gordon, 1985) with various
applications, just recently (Dirri et al., 2019; Migon et al,
2020; Seed et al, 2020; Wang, 2020) among others. A thin
quartz crystal plate vibrates in its thickness-shear mode; hence,
the viscosity of the liquid (together with its density) facing the
quartz crystal surface is the most important parameter defining
an acoustic energy loss. The Q-factor of a bare 5 MHz QCM
sensor reaches 100,000 and decreases to about 3,300 and less with
single-side contact to water. The penetration depth of shear waves
in Newtonian liquids (Stokes boundary layer (1/277/ (w)) is in the
order of % (1/ (/2 ) of its wavelength; hence, the Q-reduction is
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a measure of energy dissipation in a liquid layer very thin
compared to the typical height of the liquid in a measurement
cell, even in microfluidic systems. This is an important
methodical difference to the PnC sensors. Losses caused by
liquid shear viscosity are the most obvious mechanism. Loss
factors outgoing this value indicate the activation of other,
typically relaxation processes.

(Bio)chemical sensitivity requires surface modifications of the
device surface to achieve sensitivity and selectivity to the
compound of interest (Pohanka, 2018; Meng et al., 2019
Mujahid et al., 2019). The sensitive layers often introduce own
viscous and thermoelastic loss mechanisms in addition to the
pure mass effect. They appear as a complex acoustic load
impedance acting at the quartz crystal surface. When the
analyte interacts with the immobilized molecules, the acoustic
load changes and carries much more information than only a
mass increase. Many articles (Rajakovic et al., 1991; Lin and
Ward, 1995; Dormack et al., 1997; McHale et al., 2000; Voinova
et al, 2002; Ellis and Thompson, 2010; Ellis and Thompson,
2011) among them demonstrate that the idiom microbalance
should not be reduced to a mass balance. One technique among
others (Eichelbaum et al., 1999; Schréder et al., 2001; Borngréber
et al,, 2002) to reveal this hidden information is measuring
frequency shift and acoustic energy dissipation known as
QCM-D (Rodahl et al., 1995; Stengel et al., 2005; da Silva
et al,, 2020; Yongabi et al.,, 2020; Adamczyk et al., 2020). We
here refer to an own publication giving deeper insights into the
physics behind (Lucklum and Hauptmann, 2003).

Phononic Crystals for Mechanical Sensors
A fascinating idea to reduce radiation losses of resonant sensors is
the exploitation of phononic crystals. A phononic crystal (PnC),
an engineered material characterized by a periodic array of
scattering inclusions in a homogeneous host matrix, exhibits
bandgaps, where propagation of acoustic waves is forbidden
or, in practice, at least significantly decreased; for example,
this property has been employed in tethers of MEMS
resonators by incorporating a PnC. It reduces anchor losses
when designing the bandgap around the resonant frequency of
the resonator. Sorenson at al. have employed coupled ring linear
acoustic bandgap (LAB) structures as support elements. These
structures are a compact solution for the integration with high-
frequency MEMS devices. The third-order lateral extension mode
of the AIN-on-Si resonator at 213 MHz falls into the LAB from
210 to 223 MHz. It reduces anchor losses of the MEMS resonators
and demonstrates a Q enhancement of 82% compared to an
equivalent device using simple tethers (Sorenson et al.,, 2011).
Binci et al. have applied a similar structure to piezoelectric-on-
silicon lamb mode resonators. Experiments prove an
enhancement in Q by a factor of three to almost 5,400 (Binci
et al, 2016). Chen at al. have utilized a 2D-PnC within the
support of a rectangular AT-cut quartz crystal plate to trap
acoustic energy and to reduce anchor losses (Chen et al,
2015). Bao et al. have introduced a multistage PnC structure
for anchor-loss reduction of thin-film piezoelectric-on-silicon
MEMS resonators and have achieved a maximum Q of the
resonators of about 10,000 at 110 MHz, equivalent to an
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enhancement by 19.4 times (Bao et al, 2018). Wu et al.
reported a spurious mode free AIN lamb wave resonator
(LWR) having a Q of 1,893 at 1.02 GHz in air, which is a 45%
improvement over the LWR with simple beam tethers. Here, a 1D
gourd-shape PnC with a large phononic bandgap acts as a tether.
The large ratio of the resistance at parallel to the resistance at
series resonance of almost 50 dB indicates a high figure of merit
(FOM) (Wu et al, 2016). Lin et al. (2014) designed, fabricated,
and characterized an AIN lamb wave resonator equipped with
two PnC strip tethers. The PnC is composed of six cross unit cells.
Their experiments show a 50% improvement in Q over an
identical resonator utilizing the uniform beam tethers, if the
resonant frequency falls in the acoustic bandgap (Lin et al,
2014). Ardito et al. (2016) have studied an AIN contour-mode
resonator having the PnC next to the anchor. The Q-factor
numerically reaches 105 when inserting 5 x 3 PnCs, which is
an improvement by almost 300 times. Anchor losses no more
dominate the Q (Ardito et al., 2016). Very recently, Gao et al.
(2021) have exploited the surface phononic crystal (SPC) concept
for SPC resonators operating in a liquid (Gao et al., 2021). They
show the velocity of Rayleigh waves in the proposed sensor can be
reduced to a value lower than the sound velocity in water, thereby
suppressing the propagation of acoustic waves and hence
eliminating acoustic radiation. They report an improvement of
Q by 15 times compared to a conventional Rayleigh wave
resonator. QCM arrays also employ PnCs. Here, the phononic
crystal structure has a complete bandgap covering the resonant
frequency of the QCM. Acoustic interference between two QCMs
(Chen et al., 2013) or in QCM arrays (Chen et al., 2011) can be
avoided.

Phononic Crystals for Liquid Sensors

Our first phononic crystal sensors have applied a conceptually
very different approach (Lucklum and Li, 2009). In contrast to the
majority of resonant sensors, the PnC sensor does not only
inspect the interface between the (solid) resonator and a thin
interfacial liquid overlayer. The acoustic wave penetrates the
analyte and travels through the whole analyte body, thereby
probing its acoustic properties in the entire volume. The
promising feature of phononic crystals, where a liquid
becomes an integral part of the PnC, is the existence of
modes, which cause a characteristic discontinuity in the
bandgap. Such a transmission gap is usually very narrow.
Since the dimensions of those irregularities correspond to the
acoustic wavelength, phononic crystal sensors should become
possible in a wide range of constructional elements like pipelines
or microfluidic channels.

To become a sensor, the defect mode must be related to
properties of the material the applicant is interested in. These
properties include intrinsic material parameters (density,
viscosity, elastic moduli, and speed of sound), geometric values
(layer thickness and acoustic path length), and secondary values,
like concentration of a toxic component in a solution or a virus in
a buffer or the conversion rate in a chemical reactor or
thermodynamic values related to the Gibbs free energy.

The most developed devices comprise a defect in an otherwise
regular PnC structure. Classical engineering materials
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surrounding the defect cannot realize boundary condition as
PnCs can do. In this way, the PnC can support a high Q of
the cavity resonance. The Q-factor can be as high as 20,000 or
50,000 when neglecting liquid viscosity. However, the Q-factor
becomes an independent measure of liquid properties as well.
Moreover, the PnC provides more freedom in the design of
coupling  conditions to  the  (usually exploited)
electromechanical transducer(s) generating and detecting the
acoustic waves. PnC sensors can be designed to fit the
experimental conditions, for example, typical dimensions of
microfluidic channels or reactors in the lower mm- or
upper um range require frequencies in the range of
100 kHz-10 MHz fitting well to classical ultrasonic transducers
(Lucklum and Vellekoop, 2016). Even nanofluidic resonators
with the respective GHz acoustic frequencies are feasible. At
those frequencies, we can note an overlap with photonic crystals
and the possibility of the so-called phononic crystal sensors
providing access to a parallel investigation of matter with
optical and acoustic fields (Lucklum et al., 2013; Amoudache
et al.,, 2014; Huang et al., 2020).

THE CONCEPT OF PHONONIC CRYSTAL
SENSORS

Basics of the Method

The capability to control and manipulate the propagation of
acoustic waves is an inherent advantage of a phononic crystal
(PnC). The PnC sensor applies this advantage to achieve a
high-quality factor of resonance of a liquid-filled cavity. In
other words, the PnC sensor combines the measurement of a
resonant frequency of a mechanical resonator as applied for
acoustic microsensors with the wave propagation through the
medium as applied for ultrasonic sensors. It uses the
frequency of a well-separated transmission mode through
the PnC sensor while keeping the separation of acoustic
transducer and analyte. The value of interest changes one
or more of the inherent resonant parameters in a distinct
manner.

The principle applies the fundamental relation among speed of
sound v, acoustic wavelength A, and frequency f:

v=21-f. 3)

Resonance, for example, in a one-dimensional cavity, appears, if
its thickness, A, is

h=n-, 4

3 (4)
where 7 is the overtone number, being 1, 2, 3. The resonant
frequency becomes

v

res = M- 5
fee=ns )
This simple equation is valid only if the boundaries of the cavity
are fully reflective. The acoustic impedances, Z, of two materials
facing each other define the reflection coefficient, R:

PnC Sensors for Liquids

Z,-Z
rR=22"%

= . 6
7, + 7, ©)

R approaches 1 or —1 with a large acoustic contrast between the
two materials, that is, a large difference between their acoustic
impedances. For example, the interface between a semi-infinite
layer of water having a characteristic acoustic impedance of 1.5
10° N m ™ and a semi-infinite layer of air or tungsten (W) with an
acoustic impedance of 414 N m™ or 104 10° N m ™~ would result
in a reflection coefficient of R, ;120 = —0.999 and Ryy_p00 = 0.972,
respectively. The water—air interface behaves almost ideal,
whereas the water-W interface has already a little transparency.

The Role of Material Properties

The problem becomes more involved, if the materials are not
ideal, if they dissipate acoustic energy. Polymers are typical
representatives of viscoelastic materials. The Maxwell model
and the Kelvin—Voigt model are often applied to express
viscoelastic properties (Ferry, 1980). The wave propagation in
a viscoelastic phononic crystal is a prospective challenge (Lou
etal., 2018). Elastic and viscous properties can be considered by a
complex format of the eigenvector (Wang et al., 2020; Li et al,
2021a; Li et al,, 2021b), or, as done here, by a complex format of
speed of sound or acoustic impedance:

v 4V - Ze—>Zo+j 2, ?)

where the imaginary parts reflect material-related losses. j = v/~1.

Metals behave almost ideal, v/, is about 10° larger than v}},. In
the case of a longitudinal wave in a liquid, v" takes into account
the longitudinal and shear viscosity of the liquid, u and n, the
thermal conductivity, T, as well as the density, p, the specific heat
at constant pressure, C,, and the ratio of specific heats, y (Holmes
et al., 2011):

. nf 4 y-1
= - . 8
Va (uA+3r1A+ Con u) (8

PaVa

We have introduced the index, A, which represents the liquid
analyte the sensor has been developed for. Z; ; in Eq. 6 must be
extended with respect to Eq. 7. The speed of sound, v4, or the
acoustic impedance, Zj, independent
information. Note, both R’ and R’ have become complex
functions of Z!, Z', Z, and Z}'.

The correlation between the frequency of the cavity mode and
its bandwidth and material parameters of a liquid confined in the
cavity is the basic idea behind the application of phononic crystals
as a sensor platform. Lucklum et al., 2012; Zubtsov et al., 2012;
Oseev et al., 2013; Salman et al., 2014; Li et al., 2015; Wang et al.,
2016; Villa-Arango et al., 2017a; Villa-Arango et al., 2017b;
Lucklum and Vellekoop, 2017; Oseev et al., 2017; Lucklum
and Vellekoop, 2018; Villa-Arango et al, 2018; Cicek et al,
2019; Lucklum and Vellekoop, 2019; Mukhin et al, 2019;
Mukhin and Lucklum, 2019; Wasmer et al, 2019 referred to
recently published articles applying this methodology. We also
want to refer to a different kind of PnC sensor with incidence
normal on the periodic structure [(Zubtsov et al, 2012),
(Lucklum et al., 2012), (Lanoy et al.,, 2018)].

now contain two
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FIGURE 1 | The lower abscissa shows the relationship between speed of sound and density of a water-1-propanol-mixture vs. the molar ratio of 1-propanol. The
upper abscissa shows the relation of speed of sound and density of water vs temperature.
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It might be less motivating to develop or use a liquid sensor
just for the determination of its sound velocity. Both real and
imaginary parts of speed of sound have very favorable relations
to really interesting properties of a liquid analyte. Among
others, we mention here the concentration of a component in a
liquid mixture, the conversion rate during a (bio)chemical
reaction, or much more involved properties related to
conformation changes of proteins in real samples like blood
or processes like enzymatic catalysis. A fundamental
requirement is always a sufficient large dependence of
sound velocity on these properties. Figure 1 demonstrates
an example: a binary mixture of water and alcohol. The speed
of sound depends on the concentration; we use the molar ratio
x, of l-propanol (Kuhnkies and Schaaffs, 1963). The
sensitivity of the PnC sensor becomes concentration-
dependent with its maximum at low alcohol concentrations.
The function has a maximum at x, = 0.056; hence, the sensor
sensitivity approaches zero, and the sensor is “deaf” here. We
have successfully applied our sensor to technical products, for
example, for the analysis of gasoline (Oseev et al., 2013; Oseev
et al., 2018).

The list of articles reporting such dependencies is very long.
We refer to only two 2021 articles. The first introduces an open-
access database of nanofluids, including speed of sound and
viscosity (Mondejar et al, 2021). The second analyzes the
long-time stability of density and sound velocity measurement
of the well-known commercial DSA 5000 density meter (Wagner
et al., 2021). Both articles prove the actuality of sound velocity
research.

The Task of the Phononic Crystal

The major task of the phononic crystal (PnC) is the enhancement
of the Q-factor of the cavity resonator, Eq. 1.

We start with semi-infinite layers of air or tungsten (W)
confining a 500-um thin layer of water (H,0)'. Figure 2
presents the magnitude and phase of the reflection coefficient,
R, (Eq. 6), at the (lower) H,O-air or H,O-W interface. The
effective acoustic impedance, Z,, of H,O-air or H,O-W has been
calculated with Eq. 9:

_ Zai + Zuina
Zai-Zai-1
72
i

i

aii-1 —

1+

with Z,; =ijZ; - tan(w ?h,») Zi=pvi» (9)
where Z,; is the characteristic impedance of the material, and i, p;,
v, and h; are its density, speed of sound, and thickness,
respectively. In the case of an infinite layer thickness, Z,; =
Z.; holds.

Mag (R) decreases up to a certain frequency, further on called
resonant frequency of the cavity, f,,, and increases again above
feav- Mag (R) behaves approximately symmetric in a small
frequency range around f,,. It approaches 0 at the air-water
interface only, if the viscosity of water is set to zero. The
viscosity of air can be neglected, since it does not much
influence the results. When replacing air by W, the viscosity
of water becomes negligible. The difference is caused by the
Q-factor of the cavity resonance, which is only 90 for W in

"We neglect experimental counter-arguments here.
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FIGURE 2 | Magnitude and phase of the reflection coefficient, R, at the interface of a single water layer to either semi-infinite metal plates (green) or air (blue), both
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FIGURE 3 | Frequency dependence of the magnitude of the reflection coefficient, R, of a regular one-dimensional phononic crystal (1D-PnC). The PnC consists of

contrast to 3.375 for air. The phase plot supports the above
findings. Without viscosity, we note a phase shift of m at f,,;
with viscosity, the phase shift is much smoother.

A very conservative estimation of the accessible accuracy in
the frequency measurement, Af, assumes 100 measurement
points within frypa. The hypothetical freestanding water layer
would allow for a frequency resolution of 15 Hz or 3 ppm. The
determination of sound velocity in this layer would provide the
required accuracy.

RESULTS

Reference

Next, we make a step toward a realistic 1D PnC design. The PnC now
consists of Fe- and Al-plates. Each plate has a thickness of 200 pm.
Figure 3 shows the reflection coefficient, R, of the corresponding
regular PnC with 19 Fe-plates and 18 Al-plates. Fe-plates always face
the water bath and later on, the analyte layer. Figure 3 shows
9 minima, followed by the bandgap reaching from 55 to
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FIGURE 5 | Magnitude and phase of R at the interface between the xPnC and semi-infinite water. All viscosities have been considered. The sound velocity of the
liquid is 1,483 m s™'. We further present two examples of magnitude and phase of R for 1,484 m s~ to demonstrate the sensor sensitivity.

10.5 MHz. Figure 3, and the following have been calculated using the
impedance concept in propagation problems based on a chain matrix
technique (Lucklum et al., 1997), that is, a repeated application of Eq.
9. All extrema have been calculated with an accuracy of 1 Hz.

The PnC Sensor

In the sensor arrangement, the analyte layer replaces the central
inner Al-plate. The analyte is always pure water kept at 20°C. An
optimized PnC sensor design consists of 210 um metal plates. The
analyte layer has a thickness of 153.2 um to realize f,, =~ 5 MHz.
The 9PnC (see below) features a bandgap from 5 to 9.5 MHz.

Role and Appearance of Viscosity
We start the analysis with two single Fe-plates confining the
analyte layer and proceed with adding in step-by-step one Al- and

one Fe-plate on each side. We call these arrangements 1, 3, 5, 7,
and 9PnC and present magnitude and phase of the reflection
coefficient of the PnC to water.

If we do not consider the viscosity of the analyte, we note the
increase of the frequency at the minimum of Mag R(f) and the
decrease of frwyy with an increasing number of plates, Figure 4.
We call the respective frequency f,.s, just in contrast to f.,,, which
is independent of the number of plates. Mag R, approaches 0.
The phase @, (not shown) reaches 90°, whereas ¢, gets
90°only if all v/ (Eq. 7), including those of the metals, are set to 0.

Figure 5 shows the same arrangement, now considering all
viscous losses attenuating the longitudinal wave. Similar to
Figure 4, we note the increase of f,, and the decrease of
Sfrwnm with an increasing number of plates. The most obvious
difference is the decreasing Mag R, in the upper part of the
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TABLE 1 | Characteristic values of the 1, 3, 5, 7, and 9PnC at a constant analyte
layer thickness of 153 pm.

1 3 5 7 9
fres1483/kHz 4,891 4,940 4,965 4,981 4,995
fres1484/kHz 4,894 4,943 4,968 4,984 4,997
Afos/kHz 3.24 3.14 2.976 2.765 2.508
R (ta = const) 0.043 0.095 0.140 0.169 0.180
ARuin (ta = const) <107° 0.052 0.097 0.125 0.137
Frorna/Hz (ta = const) 5,200 2,450 1,650 1,325 1,080
Q (ta = const) 923 2,016 3,009 3,760 4,625
FOM,/m~"s 0.62 1.28 1.80 2.09 2.32

diagram with an increasing number of metal plates. The
magnitude at f, decreases linearly with frequency, which
seems to correspond well with Eq. 8. Only Mag R, of the
3PnC deviates by 12%. The lower part of Figure 5 shows the
phase of the reflection coefficient, ¢. The zero crossing of ¢ takes
place at fres. Pmin and @,y have a frequency difference between
1.8 kHz (1PnC) and 660 Hz (9PnC).

Unfortunately, one cannot use the entire bandgap for liquid
sensor purposes. On the one hand, frywmy decreases and the
Q-factor of the liquid resonance increases when departing from
the bandgap edge. On the other hand, as this becomes a limiting
factor, Mag R, increases and the peak disappears more and
more. From the measurement point of view, Mag R,;, should be
smaller than 0.5 (a rule of thumb). Since the peak reappears when
Mag R, approaches the higher edge of the bandgap, this finding
cannot be attributed to the frequency dependence of v'', Eq. 8.

Figure 5 also contains the PnC sensor response to a shift in
speed of sound of the analyte by 1 ms™ of the 1PnC and the
9PnC. Table 1 summarizes the respective f.s, frwrm Q, and the
figure of merit, FOM,

A fres

FOM, = ———F——.
Avy fFWHM

(10)

For comparison, we have modified the thickness of the analyte
layer, t4, to realize the same f., for all numbers of layers. Figure 6
demonstrates Mag R(f) in a reduced frequency range. The
required liquid cavity thicknesses are specified in the legend
(inside the diagram). Note that the minima do not change
monotonically with the number of layers.

We compare AR,in, frwams and Q of the two approaches in
Figure 7 and have summarized the data in Table 2, where ¢,
replaces f,.. One can note two observations. Although the
frequency dependence of v'' vanishes, all values still depend
on the number of layers. Specifically, Mag R, and Q are
maximal for the 5-layer arrangement. As the first hypothesis,
we attribute this finding to a difference in the effective path length
of the probing acoustic wave in the liquid cavity, since, as
demonstrated already, the viscosity of the analyte donates the
largest amount to the overall acoustic losses. The (almost linear)
slope does not only reflect Eq. 8. Further research is required to
prove that this hypothesis may also cause the deviation of 12% in
Figure 4. This knowledge is important to recalculate the viscosity
of an unknown analyte.

PnC Sensors for Liquids

magnitude R

4880 4884 4888 4892 4898 4500 4504
f/kHz

FIGURE 6 | Magnitude of R for the xPnC with a modified analyte layer
thickness to realize the same f,s. The respective thicknesses (in pm) are noted
in the legend (inside the diagram).

Other Properties Influencing the 1D
Performance of the PnC Sensor

Surface roughness and deviations from parallelism have a similar
effect on the sensor transfer function although the physics behind
is different. The two interfaces to the liquid analyte have the
largest impact. The 1D approach considers the effect of roughness
with integration over a set of different cavity layer thicknesses.
The consequence of a statistical variation of the analyte layer up
to 10 nm is an increase of Mag R.,;, from 0.18 to 0.23 and a
decrease of the Q-factor from 4.500 to 3.400.

The much larger effect has an indirect nature. Depending on
hydrophobicity or hydrophilicity of the solid surface, a rough
hydrophobic surface may cause trapping of air and a significant
difference in density of an equivalent layer representing the rough
interface. The effect is similar to an additional layer of a different
material or the adsorption of foreign molecules.

Parallelism concerns most of all the interfaces of the analyte
layer, too. The reflection coefficient, Eq. 6, can be considered by
effective impedance, Zjy = Z;/cos (6). Since 0 is very small, cos(6)
approaches 1. However, due to the large aspect ratio between the
diameter and thickness of the analyte layer in a real PnC, the
cavity thickness itself may become different. For example, an
analyte layer having a diameter of 10 mm and a maximal allowed
difference in the layer thickness of 10 nm would require a
maximal deviation from parallelism of only 6107 degrees.

Cross-Sensitivities

The physical value with the highest cross-sensitivity is temperature.
Figure 1 therefore also depicts the dependence of sound velocity
and density of water on temperature (Seitenubersicht and Sitemap,
1983; Bilaniuk and Wong, 1993). Table 3 summarizes the
consequences for the response of the 9PnC. The sensor
responses to a virtual increase of the sound velocity by 1 ms™
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FIGURE 7 | Dependence of the characteristic PnC-values Ry, frnng, @nd Q on the number of layers for two setups: at constant analyte, layer thickness, t,, and at
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TABLE 2 | Characteristic values of the 1, 3, 5, 7, and 9PnC at a constant resonant
frequency of 4,891 kHz.

1 3 5 7 9
ta/im 153146  154.814 155.849 156.8730  158.4772
Roin (f: = const) 0.043 0.088 0.109 0.093 0.051
AR (o= const) <1078 0.045 0.066 0.050 0.007
fepma (f = const) 5,300 2,500 1,900 1,900 2,400
Q f, = const) 923 1,956 2,574 2,574 2,038

TABLE 3 | Characteristic values of the 9PnC to temperature.

fmin Rmin Afmin ARmin
9PnC 25°C 5,029,764 0.237
9PnC + 1 ms™ 5,032,400 0.242 2,636 0.004
9PnC + 1 ms™'(T) 5,032,389 0.242 2,625 0.004
9PnC 26°C 5,036,700 0.249 6,936 0.012

(second line) is only slightly larger than the frequency shift, which
considers the respective necessary changes in the speed of sound
and the density of a real analyte with temperature (line 3); here,
water (Figure 1) is shown in line 3. The bottom line provides the
values for a change in the analyte temperature of 1 K.

For comparison, a highly diluted water—alcohol mixture causes a
3mm s '/ppm shift of the sound velocity. The large dependence of
the sensor response on temperature or more exactly, on the analyte
temperature, has important consequences for any experimental
setup. 7kHz/K at room temperature almost requires an

extraordinary high-level temperature control. A realistic solution is
a second channel with a reference liquid that is implemented in a real
3D-PnC microfluidic sensor. The dependence on the temperature of
the semi-infinite water facing the PnC can be neglected.

By contrast, a secondary cross-sensitivity must be considered:
heat generation due to acoustic energy dissipation caused by liquid
viscosity. Indeed, the PnC sensor can be redesigned to become a
(differential) calorimeter. Bian et al. have recently reported another
interesting concept, a band gap manipulation, via thermal-sensitive
viscoelastic materials (Bian et al., 2020).

Pressure also changes the speed of sound. We refer to
Belogol’skii et al. who measured the sound velocity in distilled
water in the pressure range 0.1-60 MPa and in the temperature
range 0-40°C. The equation has been derived by the least-square
processing of experimental data (Sekoyan et al, 1999). The
importance of the pressure dependence has to be considered
in relation to the intended resolution in the speed of sound. A
rough estimation shows that a pressure change of 1 kPa, which
corresponds to a water column of 10 cm, would cause a frequency
change of 150 Hz. In other words, a microfluidic system design
must incorporate high stability of pressure as well.

ADDITIONAL CHALLENGES OF 2D AND 3D
PNC SENSORS

The above reported problems persist in 2D and 3D PnCs. New
challenges appear due to the finite size in two or all three directions.
They also exist in real 1D PnCs. For example, the lateral dimensions
of the electromechanical transducers are finite; hence, they do not

Frontiers in Mechanical Engineering | www.frontiersin.org

July 2021 | Volume 7 | Article 705194


https://www.frontiersin.org/journals/mechanical-engineering
www.frontiersin.org
https://www.frontiersin.org/journals/mechanical-engineering#articles

Lucklum et al.

excite perfectly longitudinal waves. The lateral dimensions of the
plates are limited as well, for example, because of the high
requirements regarding temperature and temperature fields.

The 2D and 3D PnC designs offer many more degrees of
freedom. 3D printing technologies extend the technological
capabilities (Lucklum and Vellekoop, 2017; Aravantinos-Zafiris
et al,, 2021). Numerous articles especially report about PnC
important features like wave-guiding and acoustic energy
concentration. One additional material property to be
considered is the shear viscosity of the liquid. The majority of
cavity modes own in-plane displacement fields at certain parts of
the solid-liquid interface. Recently, we have introduced the
exploitation of the axisymmetric (radial) cavity mode for PnC
sensors (Mukhin and Lucklum, 2020; Gueddida et al., 2021). This
mode is free of in-plane displacement and results in an improved
Q-factor of the cavity resonance. The additional task of the PnC
surrounding the circular analyte-filled cavity is the excitation and
detection of this mode by typically planar transducers.

The second important challenge is acoustic energy radiation in
unwanted directions. 2D PnCs avoid this phenomenon by
appropriate boundary conditions. A real PnC sensor may
feature a circular defect, which extends to a (microfluidic)
capillary perpendicular to the classical 2D-design. This
approach avoids the need of transducers at the ends of the
capillary or more involved microfluidic systems. However, a
liquid-filled capillary may provide unwanted waveguide
properties. The 3D PnC has the capability to overcome this
problem. We have found a solution based on a combination of
a2Danda 1D PnC. A major task of the 2D design is the focusing of
the planar wave into the capillary including conversion into the
axisymmetric mode and vice versa. The major task of the 1D PnCis
the suppression of wave propagation of this mode along the
capillary. We refer to an upcoming article for details and solutions.

CONCLUSION

Phononic crystals can become an attractive alternative sensor
solution in the field of chemical and biosensors. Their unique
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