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Contribution to Original Knowledge

This PhD thesis adds the following contributions to the original knowledge in the
field of nanoelectromechanical systems (NEMS):

e A transduction method for single and freestanding nanomechanical pillar
resonators based on surface acoustic waves (SAWSs) has been demonstrated.
The pillars had a minimal diameter of 300 nm and vibrated in the first order
compression or bending mode at resonance frequencies between 178 to 300 MHz.
An electromechanical transduction of such small pillars is challenging with
state-of-the-art transduction methods, which do not allow a transduction of

freestanding pillars.

e A transduction of pillar pairs by SAWs which were separated by just 70 nm
has been shown. The results illustrate the potential of SAWSs to transduce
dense arrays of pillar resonators, which is especially interesting for mass sensing
applications. Nanomechanical resonators used for mass sensing are often
arranged in dense arrays to capture the analytes more effectively. The minimal
distance between the single resonators is usually limited by electrodes and
is roughly around 20 pm for state-of-the-art NEMS devices based on doubly-

clamped beam resonators.

e A model for the coupling of high-frequency micro- and nanomechanical res-
onators has been presented. At frequencies above several 10 MHz, resonators
interact by SAWs and the propagation time of the SAWs from one resonator
to the other has to be taken into account. The model explains recent results
of coupled micro pillars, which could not be explained by the standard spring

coupling model.
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1. Introduction

In this thesis, I summarize the results of three publications, which mainly focus on
different aspects of high-frequency nanomechanical pillar resonators: transduction,
mass sensing, and coupling. However, our results are not limited to pillar resonators,
but are also important for other types of resonators at MHz frequencies. We start with
an introduction to nanomechanical pillar resonators, in which I give the motivation
behind our studies and discuss the main results of the publications. This chapter is
followed by a conclusion and an outlook. At the end, I attached the publications,

where more details to our studies can be found.

1.1. Nanomechanical pillar resonators

Have you ever been on top of a high tower or skyscraper and had the feeling that it
moves? It wasn’t necessarily an illusion. Strong winds can cause towers to oscillate.
At some frequencies, towers vibrate particularly strong. These frequencies belong
to vibrational modes of a tower and are called resonance frequencies. Interesting
to know is that you affect the resonance frequencies of a tower while standing on
its top. The tower is slightly heavier with you on its top, which results in a small
decrease of its resonance frequencies. Provided that we know the correlation between
resonance frequency and added mass, we can theoretically use the tower as a scale
to determine your body mass by tracking one of its resonance frequencies. This
principle is driven to the extreme in nanoelectromechanical systems (NEMS). NEMS
are based on mechanical structures, so called resonators, with dimensions in the
nanometer range. This is around one thousand times smaller than the diameter of a

human hair and enables to measure the weight of single molecules [1,2].

One of the most important features of a device used for mass sensing is its mass
sensitivity, which determines the minimal detectable mass of the device. NEMS have
an extremely low mass sensitivity, which has the advantage that every particle or
protein species in a sample can be detected regardless of the sample’s size. This is
particularly interesting for proteomics, the large scale study of proteins [3,4]. In

comparison, conventional mass spectrometers need thousand of molecules of a single
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1. Introduction

(b)

Actuation

Figure 1.1.: Examples of micro- and nanomechanical resonators. (a) Double-
clamped beam and (b) pillar resonators. The beam is actuated capacitively and
detected piezoresistively. The motion of the pillars is actuated by dielectric forces
and detected optically. More details to the resonators and their transduction can be
found in Ref. [7,8], where the images are taken from.

species to detect it [5]. The consequence is that large samples are required to detect
particles of low concentration. Another advantage of NEMS overs conventional mass
spectrometers is that NEMS-based mass spectrometry does not rely on charging of
the particles, which makes it insensitive to mass to charge convolution generated by

similar species with different charge states [6].

Two types of mechanical resonators are shown in Fig. 1.1: a horizontal, double-
clamped beam resonator and a vertical pillar resonator. Both resonators are sur-
rounded by electrodes to track the resonators’ resonance frequencies by transducing
the mechanical motion of the resonators to an electrical signal and vice versa. State-
of-the-art NEMS devices for mass sensing applications are often based on horizontal
and double-clamped beam resonators [1,7,9]. They are small in comparison to
other horizontal resonators, such as membranes or trampolines, have a simpler
bending mode shape than cantilevers [9], and can be electromechanically trans-
duced by several different techniques, such as dielectric [10,11], piezoelectric [12,13],
piezoresistive [7,14, 15], electrothermal [16], magnetomotive [17, 18], or capacitive
transduction [19-22]. A disadvantage of horizontal beams is that a particle can land
anywhere on the resonator. The induced shift of a resonance frequency depends
on the particle’s position, so that the change in two resonance frequencies need to
be measured to determine the mass of a particle [1,9]. This complicates the mass
detection as well as the fabrication of the device due to a more complex design, as
can be seen in Fig. 1.1(a). Two electrodes are required to actuate two different vibra-

tional modes of the beam. Vertical pillar resonators, such as the one in Fig. 1.1(b),
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1.1. Nanomechanical pillar resonators

overcome this particle position problem, especially if the tip is wider than the rest of
the pillar, since a particle will land most probably on the top of the pillar. However,
the electromechanical transduction of vertical pillar resonators is challenging. Many
of the common electromechanical transduction methods used for horizontally oriented
resonators are not available for vertical pillars, such as piezoresistive, piezoelectric,
electrothermal, and magnetomotive transduction. One of the reasons is that the
required electrodes cannot be fabricated on the sidewalls of the pillars with standard
lithographic fabrication techniques. The only two successfully used electromechanical
transduction techniques for pillar resonators are capacitive transduction [23] and
transduction by dielectric forces [8]. Both transduction methods require electrodes in
close distance to the resonator, as can be seen in Fig. 1.1. The beam and the pillars
are actuated capacitively and by dielectric forces, respectively. The fabrication of
such close gaps between an electrode and a resonator is difficult on the given scale,
especially for pillar resonators due to the larger height of the electrode in comparison
to the gap size. In addition, both transduction schemes are tricky to use for detection
of a resonator’s motion due to the parasitic capacitance of the total system, which is
typically much larger than the variation of the capacitance induced by the motion
of a resonator [8,24]. As a consequence, the motion of pillars is often measured
optically [25-27], or by scanning electron microscopy (SEM) [28,29], which both are

difficult to integrate in compact devices.

A convenient electromechanical transduction technique for pillar resonators is missing
and is of general interest beyond NEMS-based mass spectrometry. Pillar resonators
are an especially versatile type of mechanical resonators. They are excellent magnetic
and electric force sensors and are used to probe force fields on sample surfaces, similar
to atomic force microscopy [26,30,31]. Pillar resonators can be built as acoustic and
optical Bragg mirrors to confine photons and phonons [32,33]. Confined modes with
high quality factors are highly desirable for quantum optomechanical applications,
since they allow the observation of quantum behaviour at higher temperatures. Pillar
resonators can also host and manipulate single quantum dots [34-36], which are used
for quantum information processing [37,38]|. Another important feature of pillar
resonators is their compatibility with surface acoustic wave (SAW) devices [39-41].
SAWs are, as the name suggests, acoustic waves that travel along the surface of an
elastic medium with a penetration depth of around one wavelength. The vibration you
feel during an earthquake is usually caused by SAWs. On chip level, SAWs are used for
instance to delay and filter a signal [42], to carry quantum information [38,43], or to

manipulate the streaming of micro- and nanoparticles in microfluidic channels [44,45].
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Figure 1.2.: Transduction of pillar resonators by surface acoustic waves (SAWs). (a)
Schematic of the SAW transduction. The three main components of the device are a
piezoelectric substrate, a pillar resonator and two interdigital transducers (IDTs),
which are coloured in blue, grey, and gold, respectively. One of the IDTs generates
SAWSs that are scattered by the pillar. The other IDT detects the scattered SAWs.
The measured signal strength is a function of the pillar’s vibrational amplitude. (b)
Scanning electron microscope (SEM) image of a device. The SAWSs launched and
detected by the IDTs are represented by the white, wavy lines. (¢)-(e) Normalized
output signal of devices with pillar resonators of different dimensions. The geometry
of the pillars is shown by SEM images. The figures were taken from Ref. [51].

Some applications require manipulation of the SAWSs’ propagation, which has been
done by acoustic metamaterials based on pillar resonators [46]. Typical manipulations

are waveguiding [47,48], superlensing [49] and vibration attenuation [41,50].

1.2. Transduction by surface acoustic waves

We addressed the transduction issue of nanomechanical pillar resonators and de-
veloped an electromechanical transduction scheme for single nanomechanical pillar
resonators based on scattering of SAWs [51]. A schematic of the SAW transduction
method as well as an SEM image of a device are given in Fig. 1.2(a),(b). The
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Figure 1.3.: Array of beam resonators in comparison to SAW-transduced pillar
pairs. (a)-(c) Array of beam resonators used for mass spectrometry. The images are
taken from Ref. [7], where more details can be found. (e),(d) Pillar pairs transduced
by SAWs [52].

comb-like structures on the substrate surface are thin metallic electrodes, so called
interdigital transducers (IDTs), which convert an electrical input signal to a SAW
by the inverse piezoelectric effect. The generated SAW propagates towards the pillar
and is scattered by it. You can think of it like a tower or skyscraper hit by an
earthquake. The tower starts to shake which, in turn, creates a second, way smaller
earthquake. A second IDT is positioned perpendicular to the first one and converts
the scattered SAW to a measurable electrical output signal. The strength of the
output signal is a function of the pillar’s vibrational amplitude and peaks when the
frequency of the SAWs matches a resonance frequency of the pillar. In Fig. 1.2(c)-(e),
the normalized output signals of three devices with pillars of different dimensions
are shown as a function of the SAWSs’ frequency. Each device shows a distinct peak,
which is not present in the output signal of an identical device without any pillar.

These peaks consequently belong to vibrational modes of the pillars.

An important feature of the SAW transduction method is that it enables a trans-
duction of freestanding pillars. This cannot be done by any other state-of-the-art,
electromechanical transduction method. The transduction of pillars without elec-
trodes in close distance is advantageous for the sensing of electric fields, which would

be disturbed by electrodes in the surrounding of the pillar, as well as for mass sensing
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1. Introduction

applications. NEMS devices have an outstanding mass sensitivity, as discussed above,
but show a low probability that a molecule will land on the tiny mechanical resonator,
which leads to a dramatic increase in the number of molecules required for mass
detection. To reduce the sample loss, particle beams are focused [53], and arrays
of NEMS are used instead of single resonators [7,54]. However, state-of-the-art
devices detect roughly 1 particle per million [6]. Denser arrays are required but
cannot be formed with the existing electromechanical transduction methods, since
electrical lines need to be placed close to the nanomechanical resonators, as shown
in Fig. 1.3(a)-(c). SAW transduction has the potential to actuate and detect the
motion of dense arrays of nanomechanical pillar resonators [52]. We demonstrated
the transduction of pairs of pillars with very small as well as very large separation
distances of 70 nm and 14.3 pm. In comparison, the distance of 70 nm is almost two
orders of magnitude smaller than between two resonators in the state-of-the-art beam
array shown in Fig. 1.3(a)-(c). SEM images of the pillar pairs and their frequency
response are shown in Fig. 1.3(d),(e). The vibrational mode of each pillar of a pair

is clearly visible.

To underline the potential of our approach for practical NEMS-based mass spectrom-
etry, we measured the responsivity of our pillars to an added mass and estimated
their mass sensitivity. The mass responsivity of a resonator is its fractional change
in frequency per absorbed unit of mass. Our pillars showed a mass responsivity of
R = —0.6pg~! [52]. The mass responsivity of a resonator is an important figure of
merit for mass sensing applications and is directly correlated to the resonator’s mass
sensitivity. For a displacement of 1 nm, the theoretical limit of the mass sensitivity
of our devices is around 6 kDa/+/Hz at room temperature [52]. A feasible integration
time in the context of mass sensing is between 0.1 to 1sec, since state-of-the-art de-
vices have maximum absorption event rates of just a few particles per minute [1,7,53].
For an integration time of 0.5sec, the minimal sensitivity of our pillar resonators
is around 4 kDa. In comparison, high mass analytes, such as viruses and bacteria,
have masses in the MDa to GDa range. This mass range is especially interesting
for NEMS-based mass spectrometry, since it is challenging for conventional mass
spectrometers due to sample heterogeneity associated with the presence of variant
species, chemical modifications, as well as salt or solvent adducts [6]. However, it is
important to remember in the discussion above, that we did a proof of principle and
have not optimized the pillars for mass sensing applications. The SAW transduction
allows the transduction of much smaller pillars. Commercial SAW devices are oper-

ated at frequencies up to a few GHz. Pillars with resonances in this frequency range
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Figure 1.4.: Comparison of the well-known spring coupling model with the coupling
by surface acoustic waves (SAWs). (a) Schematic of two vibrating pillars coupled by
surface acoustic waves. Each pillar emits a SAW with exerts an effective force Fsaw
on the other resonator. The SAWs are illustrated by the solid and dashed blue lines.
(b,c) Two measurements of the amplitude of two coupled pillar resonators, whose
motion was actuated by SAWs and detected by optical interferometry. The pillars
had a diameter, height and separation distance of 4.4 pm, ~4pm and d = 5.9 pm,
respectively. One measurement (b) was modelled by the SAW coupling model and the
other (c¢) by the standard spring coupling model extended by a nonlinear term. More
details to the pillars, the detection scheme, and model can be found in Ref. [25,40].
The graphics were taken from Ref. [55] and [40].

would likely have much higher mass sensitivities than our measured pillars due to

the reduced mass.

1.3. Coupling by surface acoustic waves

Resonators arranged in a dense array can couple to each other due to the close
distance between them. This means that the motion of one resonator affects the
motion of another resonator and vice versa. As a consequence, the response of the
resonators to an added mass changes, which need to be taken into account for mass

sensing applications. Coupled mechanical resonators were first studied by Huygens
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1. Introduction

in the mid-seventeenth century and remain a subject of great interest until now [56].
They are used for fundamental quantum mechanical studies [57], and as time-efficient
mass sensors [58]. The coupling between mechanical resonators is well understood
at frequencies below several MHz and usually described by a spring between the
resonators. This approach assumes that the coupling is instantaneous. However,
at higher frequencies above several 10 MHz this assumption is not necessarily true.
The trend is towards ever smaller mechanical resonators for improved sensitivity,
which shifts their resonance frequencies to the MHz regime. At these frequencies,
the resonators can couple by SAWs, which are created by the resonators’” motion
and travel from one resonator to the other, as schematically depicted in Fig. 1.4(a).
The coupling between the resonators has a delay, which is the propagation time of
the SAWs. We presented a model for the coupling of MHz frequency resonators by
SAWs [55]. Our model agrees well with recent experiments of coupled and almost
identical micro-pillars, as can be seen in Fig 1.4(b). Another measurement of such
pillars is shown in Fig 1.4(c) and fitted by the well-known and usually used spring
coupling model. It becomes clear, that the spring coupling model cannot explain the

measured data.
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2. Conclusions and Outlook

We demonstrated the electromechanical transduction of single and pairs of nanome-
chanical pillar resonators by SAWs. The pillars studied vibrated in either bending or
compression mode at frequencies between 150 and 350 MHz with quality factors of
around 45. The pillar pairs were separated by a minimum of 70 nm and a maximum
of 14.3pm. In contrast to existing electromechanical transduction schemes, SAW
transduction does not rely on electrical lines near the resonators and enables a trans-
duction of freestanding pillars. This allows the formation of dense arrays, which are
required for NEMS-based mass spectrometry to compensate the low probability that
a molecule will land on a resonator. To use our setup for practical mass spectrometry,
the number of pillar resonators on the chip needs to be increased further. This
can be done either through identical pillars with almost the same dimensions or

non-identical pillars.

Using non-identical pillars has the advantage that every pillar can be clearly identified
by its resonance frequency. When a molecule lands on one of the pillars, only the
resonance frequency of that particular pillar shifts, which makes it relatively easy
to interpret the measured result. In case of identical pillars, the interpretation of
measured data is more complex, since the pillars couple. A molecule landing on
one of the pillars affects the resonance frequency of several modes to varying degree.
However, the fact that the pillars couple could also be used as an advantage. Coupling
between resonators promises an improved mass-sensitivity [59] and might reduce
the total number of modes that need to be measured [58]. In addition, the coupling
of the pillars by SAWs can be used to modify the pillars’ quality factor, as shown
by our presented SAW coupling model [55]. Another advantage of identical over
non-identical pillars is the small bandwidth needed for operation. We use interdigital
transducers (IDTs) for the actuation and detection of the SAWs. The bandwidth
of our IDTs is around 110 MHz for a central frequency of 280 MHz. The full width
at half maximum (FWHM) of the pillars’ amplitude curves is around 7 MHz at a
resonance frequency of 300 MHz. The comparison shows that only a few non-identical

pillars can be placed on the same chip if we intend to avoid coupling.

In our current setup, we use one IDT for actuation and another for detection. It is

possible to add two more IDTs with another center frequency to extend the overall
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2. Conclusions and Outlook

bandwidth by a factor of two. A more effective approach would be to directly
increase the IDTs” bandwidth, which comes at the cost of a reduced signal strength.
We have some options to improve the signal strength to compensate an increased
bandwidth. Right now, most of the input power is reflected by our devices due
to impedance mismatch. A perfect matching is probably not possible to realize
for the whole frequency range, but a reduction of the impedance mismatch should
be feasible. Another approach to increase the signal strength is to improve the
coupling of the IDTs to the substrate. Our substrate is 128° Y-cut lithium niobate
(LiNbO3). We placed the IDTs along and perpendicular to the crystallographic
X-axis. SAWs are generated and detected effectively along the X-axis, but poorly
perpendicular to it. Other cuts of LiNbOj [60], a different arrangement of the IDTs
or other substrate materials could result in an overall improved coupling of the
IDTs and thus a better signal strength. The third option to improve the signal
strength is to enhance the scattering by the pillars. The pillars scatter the most
when their damping is dominated by radiation losses [51]. Our results show that
the quality factor of the pillars seems to be independent of the pillars’ dimensions
or vibrational modes, which indicates that the pillars’ quality factor is dominated
by intrinsic losses. Consequently, we either manage to reduce the intrinsic losses in
the pillars, for instance by using other materials, or to increase the pillars radiation
losses. The latter can be done by increasing the diameter of the pillars, which on one
hand results in a stronger coupling of the pillars to the substrate and on the other
hand in an increased scattering cross section. However, this approach also results
in a reduced mass responsivity of the pillars. In addition, the quality factor of the
pillars decreases, which further limits the maximum amount of uncoupled pillars.
In contrast, minimizing the intrinsic losses results not only in an improved overall
signal but also in higher quality factors, which allows to place more pillars on the

same chip without a relevant coupling between them.

Another important step for our devices towards practical mass spectrometry is to
track the changes of the pillars’ resonance frequencies. A well-known scheme for
frequency-tracking is the phase-lock loop (PLL). When the resonance frequency of
a resonator shifts, for instance due to a landed molecule, the phase of the output
signal changes. The PLL detects changes of the phase by comparing it to a given
set point. It adjusts the frequency of the input signal such that the phase of the
output signal matches again the given set point. If we assume, that only the phase
of the resonator is a function of frequency in the whole measurement scheme, the

change of the input frequency represents the frequency shift of the resonator. In

10
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Figure 2.1.: Phase of the output signal of the SAW transduction scheme as a
function of frequency. (a) Scheme of two IDTs facing each other. The IDTs are
chirped so that the effective propagation distance s of the SAWSs is a function of
frequency. (b),(c) Phase of the output signal of a device with two IDTs facing
each other and with no pillars. The IDTs were designed to be equivalent to the
orthogonally arranged IDT's used for the pillar measurements, taking into account the
anisotropy of the substrate. (d) Theoretical phase difference between a resonator and
its driving force. The resonator has an eigenfrequency and quality factor of 300 MHz
and 45, respectively, similar to the pillar resonators investigated. The figures were
taken from Ref. [52].

contrast to other electromechanical transduction schemes, this assumption is not
valid for SAW transduction. First, the wavelength of the SAWs are much smaller
than the SAW propagation distance so that a small change in the input frequency
changes the phase of the output signal. Second, the chirp of the IDTs makes the
propagation distance of the SAWs a function of frequency, as illustrated in Fig. 2.1(a).
Fig. 2.1(b),(c) show the phase of the output signal of two chirped and focused IDT's
facing each other. The IDTs were distanced the same amount of wavelengths to
the focal point as the IDTs used for the transduction of the pillars. Fig. 2.1(d)
shows the theoretical phase of a resonator relative to the phase of its driving force.
The resonator has a resonance frequency and quality factor of 300 MHz and 45,
respectively. The comparison of Fig. 2.1(d) with Fig. 2.1(c) shows that frequency
shifts of the resonator can be compensated by changes of the input frequency that are
much smaller than the frequency shift of the resonator. Consequently, the PLL does
not track the resonator’s resonance frequency and will lose track of the resonator over
time. However, the change in phase induced by the SAW propagation is defined by
the design of the IDTs and their separation distance. This allows the phase change to
be calculated and subtracted from the output signal. Another approach to eliminate
the change in phase could be to counter the effect caused by the propagation of the
SAWs by the chirping of the IDTs.

11
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2. Conclusions and Outlook

Frequency-tracking schemes other than PLL may be more suitable for SAW transduc-
tion, such as the positive feedback technique, where the amplitude signal is fed back
to the resonator. The amplitude signal is amplified and need to be phase corrected to
ensure that the resonators driving force is 90° ahead of the resonators displacement.
In case of the SAW transduction scheme, this cannot be realized just by a 90° phase
shifter. The additional phase shift induced by the propagation of the SAWs has to

be taken into account.

The high frequency in combination with the low quality factor results in extremely low
response times of the pillar resonators, which is of interest for applications where a
fast sensing is required. One significant potential application of the SAW transduction
method is high-speed atomic force microscopy (HS-AFM), as it allows the study
of the dynamic of biological samples, such as single proteins [61]. State-of-the-art
HS-AFM operates at frequencies of a few MHZ and is limited, among other things,
by the resonance frequency of the cantilever that supports the scanning tip [62]. Our
SAW transduction technique could enable the design of a new generation of HS-AFM
where the AFM tip itself is the force sensitive resonator operating at hundreds of
MHz. This corresponds to two orders of magnitude lower response times enabling

the study of even faster biological processes.
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4. Publications

More details to the SAW transduction can be found in Ref. [51]. The transduction
of pillar pairs and the SAW coupling are presented in Ref. [52] and Ref. [55],

respectively.
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