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Kurzfassung

Die präzise Messung mechanischer Resonanzen in Systemen im Nanometer-
bereich (NEMS) ist sowohl für die Grundlagenforschung als auch für tech-
nologische Anwendungen von entscheidender Bedeutung. Verschiedene Read-
out-Techniken zur Charakterisierung von Mikro- und Nanoresonatoren bieten
jeweils spezifische Vor- und Nachteile. Interferometrische optische Metho-
den werden aufgrund ihrer hohen Empfindlichkeit häufig zur Messung von
Auslenkungen eingesetzt.
Eine der frühesten optischen Read-out-Methoden ist die Optical Lever-Technik,
die in verschiedenen Anwendungen erfolgreich genutzt wird. Aufgrund ihrer
Einfachheit und Robustheit wird sie insbesondere in der Atomic Force Mi-
croscopy (AFM) verwendet, jedoch bisher nur begrenzt in anderen NEMS-
Implementierungen. Jüngste Arbeiten zeigen, dass ein Optical Lever-System
durch das Vermeiden von optischen Rückkopplungen eine Rauschgrenze erre-
ichen kann, die zwei Größenordnungen unterhalb des Standard-Quantenlimits
liegt.
Die begrenzte Anwendung und der Mangel an vergleichenden Analysen der
Optical Lever-Technik für NEMS motivieren diese Arbeit. Diese Studie un-
tersucht die Machbarkeit der Optical Lever-Technik für die Frequenzmes-
sung von NEMS-Resonatoren. Zur Bewertung der Effektivität dieser Technik
wird ein experimentelles Setup entwickelt, das einen direkten Vergleich mit
zwei etablierten Messmethoden ermöglicht: (i) einem elektrischen Read-out
mittels Magnetomotive-Technik und (ii) einer optischen Messung mit Laser
Doppler Vibrometrie. Die Auswirkungen jeder Methode auf die Frequenzsta-
bilität der Resonatoren werden unter vergleichbaren Bedingungen analysiert.
Zusätzlich wird eine NEMS-Anwendung mit einer Read-out-Methode unter-
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Kurzfassung iii

sucht, um die Leistungsfähigkeit der Optical Lever-Technik im Vergleich zur
magnetomotiven Auslese zu bewerten. Die Ergebnisse zeigen, dass die Opti-
cal Lever-Technik eine mit interferometrischen Methoden vergleichbare Leis-
tung erbringt und sich für Membran-NEMS eignet. Die erzielte Rauschperfor-
mance übertrifft die der elektrischen Auslese signifikant. Diese Erkenntnisse
tragen zur weiteren Erforschung alternativer Transduktionsmechanismen für
nano-mechanische Systeme bei und eröffnen neue Möglichkeiten für stabile
und hochpräzise Sensortechnologien.



Abstract

The precise measurement of mechanical resonances in nanoscale devices (NEMS)
is critical for both fundamental research and technological applications. Vari-
ous read-out techniques exist to characterize micro- and nanoscale resonators,
each with distinct advantages and limitations. Among these, interferometric
optical methods are widely used due to their high sensitivity in displacement
measurements.
One of the earliest optical read-out methods is the optical lever technique,
which has been successfully implemented in various applications. Its simplic-
ity and robustness make it particularly useful in Atomic Force Microscopy
(AFM), yet its adoption in other NEMS implementations remains limited.
Recent studies have demonstrated that an optical lever system can mitigate
optical back-action effects, achieving a read-out noise floor two orders of
magnitude below the standard quantum limit.
The limited adoption and lack of comparative analysis of optical lever read-
out techniques for NEMS motivate this study. This work investigates the
feasibility of using the optical lever technique for frequency measurements
of NEMS resonators. To evaluate the effectiveness of this approach, an ex-
perimental setup was designed to enable a direct comparison with two es-
tablished measurement methods: (i) an electrical read-out technique, the
magnetomotive read-out, and (ii) an optical read-out technique, the laser
Doppler vibrometer. The impact of each method on the frequency stability
of the resonators is assessed under comparable conditions. Additionally, a
NEMS application utilizing a read-out scheme is selected to compare the
performance of the optical lever technique and the magnetomotive read-out,
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demonstrating the impact of the optical method relative to the electrical
approach.
The results confirm that the optical lever technique provides performance
comparable to interferometric methods and is well-suited for membrane-
based NEMS. The achieved noise performance surpasses that of the electrical
read-out. These findings contribute to the ongoing exploration of alterna-
tive transduction mechanisms for nanoscale mechanical systems, offering a
promising approach for stable and high-precision sensing applications.
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Chapter 1

State-of-the-Art

Nano-Electro-Mechanical Systems (NEMS) are utilized in a wide range of
applications, and various read-out techniques have been developed to study
and characterize them [1–5], each offering distinct advantages and limitations.
Among these, interferometric optical techniques have been widely used to
measure displacement with high sensitivity [2]. The low detection noise of
optical techniques is a particularly important characteristic, especially for
resonators with high quality factors [6, 7].
As one of the earliest optical read-out approaches [8], the optical lever tech-
nique has been implemented in various applications [9–12], with its simplicity
in design making it highly robust [13]. Putman et al. not only highlights the
straightforward nature of the optical lever technique compared to interfero-
metric approaches, but also demonstrates that both methods share the same
fundamental detection limits [13].
Despite its success in Atomic Force Microscopy (AFM), which primarily relies
on cantilevers, this method has not been widely applied to other NEMS
devices compared to interferometric techniques. Recent work by Hao et al.
uses membrane-based NEMS and demonstrates that an optical lever system
can evade back-action caused by optical forces, achieving a read-out noise
floor two orders of magnitude lower than the standard quantum limit [14].
The lack of widespread implementations and comparative analyses of optical
lever read-out techniques for NEMS motivates further exploration. This work
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1. State-of-the-Art 2

investigates the feasibility of using the optical lever technique for frequency
measurements of NEMS resonators. To evaluate the effectiveness of this ap-
proach, an experimental setup was designed to enable a direct comparison
with two established measurement methods: (i) an electrical read-out tech-
nique, the magnetomotive read-out, and (ii) an optical read-out technique,
the laser Doppler vibrometry (LDV). Using the same NEMS resonators under
comparable conditions, the impact of each method on the frequency stability
of the resonators is assessed.
Furthermore, a NEMS application utilizing a read-out scheme was selected
to compare the performance of the optical lever technique and the magneto-
motive read-out, demonstrating the impact of the optical method relative to
the electrical approach.
This study not only evaluates the feasibility of using an optical lever for
membrane-based NEMS but also highlights its potential advantages in terms
of stability. The findings contribute to the broader exploration of alternative
transduction mechanisms for nanoscale mechanical systems, paving the way
for more versatile and optimized sensing technologies.
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1.1 Nano-Electro-Mechanical-System
Nanoelectromechanical systems (NEMS) are miniaturized mechanical devices
that integrate electrical and mechanical properties at the nanoscale. They
represent the natural evolution of microelectromechanical systems (MEMS),
but at an even smaller scale. Due to their small mass and high surface-to-
volume ratio, NEMS are widely used in ultra-sensitive mass sensing, light
detection, and spectroscopy. One of the fundamental aspects of most NEMS
is their vibrational behavior, which is crucial for understanding their mechan-
ical properties and optimizing their performance in sensing and actuation. As
with all mechanical systems, NEMS exhibit characteristic vibration modes
defined by their geometry and material properties. These vibrational modes
define how energy is stored and transferred within the system. Every con-
tinuous mechanical system has vibrational frequencies in which the kinetic
energy of the vibration is equal to the potential energy stored within the de-
formation. When considering a model without energy loss, these frequencies
are referred to as eigenfrequencies. Energy seamlessly transitions between
potential and kinetic states in this system, perpetually, unless affected by
an external force. In contrast, a real-world structure dissipates energy with
each oscillation cycle due to inherent damping. For structures affected by
this loss, resonance frequencies can be determined. While these resonance
frequencies take damping into account, the eigenfrequencies disregard any
form of damping and can be calculated through analytical techniques or
approximated through simulations like the finite element method (FEM).
Consequently, the resonance frequencies can also be estimated, as they are
known to be slightly lower than the corresponding eigenfrequency for the
same model due to damping [15].

Figure 1.1a shows an ideal model of a resonance in amplitude and phase as
a function of frequency. In comparison, Figure 1.1b depicts the resonance of
a real NEMS, recorded using a laser Doppler vibrometer (LDV). While the
measurement contains noise that the model lacks, the general shape remains
the same. The amplitude exhibits a peak at the resonance frequency, where



1. State-of-the-Art 4

the same amount of input energy results in a significantly higher measured
amplitude. Another characteristic of resonance is observed in the phase of
the signal, where the measured phase undergoes a total 180◦ shift before and
after the resonance.
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(a) Representative resonance behavior in amplitude and phase
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(b) Amplitude and phase of a resonance measured with a laser Doppler
vibrometer.

Figure 1.1: Comparison of an ideal and measured resonance

Each eigenfrequency corresponds to a unique mode shape, depicting the pe-
riodic deformation pattern exhibited by the structure at that distinct fre-
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quency. When analyzing the vibration along a single axis, certain key fea-
tures emerge: some areas remain stationary, known as nodes, while others
undergo maximal displacement, referred to as anti-nodes.

For specific structures, analytical solutions for the eigenfrequencies are known.
In the case of this work rectangular membranes are used and a solution for
their eigenfrequencies can be found that is based on parameters such as
dimensions, material stress, and density of the membrane exists. The reso-
nance frequency can then be estimated based on the eigenfrequency and the
expected damping. For this work, the modes observed are only out-of-plane
modes, but it should be mentioned that more types of modes, like torsional
and in-plane modes exist. A rectangular membrane has two defining lengths
for out-of-plane modes, which in turn define its eigenmodes. These modes are
distinguished by the count of anti-nodes (local maxima), and given the two
dimensions, the distinction between the modes is facilitated by two distinct
numbers. Depending on this count of anti-nodes, the equation for eigenmodes
of a membrane can be found, which is given in Equation (1.1) [15].

ωn,j =
√︂

σ

ρ

√︃
n2π2

L2
x

+ j2π2

L2
y

(1.1)

ωn,j represents a specific eigenfrequency in rad and i and j are indices of
the mode of this eigenfrequency. Lx and Ly are the respective lengths of the
membrane in its two dimensions, ρ is the density of the material, and σ is
the tensile stress of the membrane. The equation shows that variations in
stress lead to changes in the eigenfrequency and, consequently, the resonance
frequency. Since the stress depends on factors such as temperature, pressure,
and external forces, the resonance frequency is inherently sensitive to these
parameters. This dependence enables resonators to be utilized in a wide range
of applications.
Figure 1.2 shows the modeshapes for the six lowest eigenfrequencies of a
square membrane, once measured with an LDV and once calculated using
modeshapes according to [15]. It has to be mentioned, that since this is a
square membrane that the modeshapes are symmetrical and for each mode
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depicted here there exists another mode for which the modeshape is rotated
by 90◦.

(a) "1,1" mode (b) "1,2" mode (c) "3,1" mode

(d) "2,2" mode (e) "4,1" mode (f) "4,2" mode

Figure 1.2: Modeshapes of a square membrane (top measured, bottom
analytical solution).

In cases where the structure deviates from the straightforward analytical so-
lution or where there is limited knowledge of the composition and material
properties of a resonator, determining resonance frequencies requires an em-
pirical approach. To find resonance frequencies, the actuation and read-out
of a system must have been established. If there is a way to excite the mode
of interest and also a way to measure said mode, the frequency of the actua-
tion can be changed over a range of frequencies while the output is observed.
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When the frequency of the actuation coincides with the resonance frequency,
the measured amplitude is significantly higher than when they do not match.
With a sufficiently wide range, depending on the resonator and the read-out
scheme, multiple resonances can be observed, as shown in Figure 1.3.
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Figure 1.3: Frequency sweep of a membrane resonator measured with an
LDV.

For this particular resonator, the first observable resonance frequency is ap-
proximately at 170 kHz, followed by several higher modes at higher frequen-
cies. A read-out might fail to observe certain resonance frequencies depending
on the location on the resonator where the oscillation amplitude is measured.
For example, an optical read-out measuring displacement is usually focused
on a specific spot on the structure, and if this spot happens to be a node
of the mode shape, no displacement is detected. The same limitation applies
to electrical read-outs due to the symmetry of the vibration. Therefore, not
every resonance frequency can be observed with every setup.
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1.2 Noise Analysis

1.2.1 Allan-Deviation

Allan variance, named after David W. Allan, is a statistical measure crucial
for analyzing frequency stability in systems like clocks and oscillators. It is
particularly suited for distinguishing various noise types and their contribu-
tion, specifically providing a more reliable metric than classical variance.
The Allan variance, denoted as σ2

y(τ), is the mean square of the differences
between successive averaged measurements of a magnitude y, taken over a
period τ . It is mathematically expressed as:

σ2
y(τ) = 1

2(N − 1)

N−1∑︁
i=1

(yi+1,τ − yi,τ )2 (1.2)

where yi,τ represents the ith measurement of y averaged over time τ .
In the context of resonance-based sensors, the Allan variance is applied to the
normalized instantaneous frequency difference from the natural frequency of
the resonator, given by:

y(t) = ω(t) − ωn

ωn

(1.3)

where ω(t) is the instantaneous frequency, and ωn is the natural frequency.
The Allan variance is part of a broader set of time-domain measurements
used for frequency accuracy characterization. The frequency-domain analy-
sis involves the single-sided fractional frequency noise power spectral density
Sy(ω), encompassing various noise components like thermomechanical/trans-
duction noise and thermal fluctuations. In practical scenarios, the Allan vari-
ance is favored in the sensing community for directly estimating system noise
over a given integration time.
The Allan deviation σy is simply the square root of the Allan variance. This
makes it more intuitive since its unit is the same as the original frequency,
which it is based on [15, 16].
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1.2.2 Noise sources

Understanding and characterizing various noise sources is crucial to opti-
mizing the performance of NEMS. The Allan deviation serves as a sensitive
gauge, highlighting the noise characteristics of such systems since different
types of noise manifest at various timescales and influence the stability of
these devices in distinct ways. Figure 1.4 shows a representation of differ-
ent types of noise and how they show in an Allan deviation of an actual
resonator.

Figure 1.4: Allan deviation of a resonator fit with the theoretical noise
slopes.

The white phase noise and flicker phase noise component causes the Allan
deviation to decrease rapidly with averaging time, following a 1

τ
slope. This

means that as more data points are averaged, the stability improves very
quickly. White phase noise is dominant at very short timescales, typically
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introduced by electronic thermal noise. Since it averages out efficiently, it
does not significantly affect long-term stability [16].
The white frequency noise results in an Allan deviation that decreases as 1√

τ
,

indicating that stability improves over time, though at a slower rate com-
pared to phase noise. This type of noise arises from random fluctuations in
the frequency source and typically dominates at medium averaging times.
White frequency noise is fundamental in many systems, as it represents un-
correlated random variations in the frequency output. In NEMS devices, this
noise characterizes the intrinsic behavior of the mechanical resonator. While
other noise sources reflect contributions from the entire system, including the
readout electronics and environmental influences, this region of the Allan de-
viation plot provides insight into the resonator itself, independent of external
factors [16, 17].
The flicker frequency, or 1/f noise, noise produces an Allan deviation con-
tribution that remains constant with increasing averaging time, following a
constant trend. This indicates that stability does not improve with further
averaging, as the fluctuations follow a power-law behavior that resists can-
cellation. Flicker frequency noise is often attributed to long-term instabilities
in oscillator electronics, such as aging effects or environmental influences [15,
16].
The random walk frequency noise causes the Allan deviation to increase with
averaging time, following a

√
τ slope. This means that as the observation time

grows, the frequency stability worsens due to slow, unpredictable drifts in the
system. This type of noise is commonly introduced by external environmental
effects, such as temperature changes or mechanical stress, and becomes dom-
inant at very long averaging times. Since it does not average out, it represents
a fundamental limitation in long-term oscillator performance [16].
Another type of noise is drift, which has is a consistent change in frequency.
This drift is caused by factors such as temperature stabilization, pressure
changes, material relaxation, and other environmental influences. These slow
frequency changes follow a τ slope. While the impact of slow drifts is minimal
for short integration times, it becomes increasingly apparent as the integra-
tion time increases [6, 15, 16].
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For this work these types of noise are grouped together for simplicity.
Thermomechanical noise is a white frequency noise caused by the random
vibrational motion of mechanical structures, which itself results from the
interaction of thermal energy with the intrinsic properties of the material.
These fluctuations arise from thermal energy present at any temperature
above 0 K and characterize the inherent noise performance of the resonator.
Detection or transduction noise primarily consists of shot noise, Johnson-
Nyquist noise, and flicker noise, all of which introduce random fluctuations
in measurement signals. Compared to thermomechanical noise, this type of
noise includes components originating from the electronics in the system.
Oftentimes the detection noise is so significant that it covers the thermome-
chanical noise.
Drift is dominated by slow frequency drifts and random walk frequency
noise, leading to long-term stability issues as environmental factors induce
slow, unpredictable changes in system behavior.
For laser-based systems, it is also useful to consider intensity fluctuations of
the laser itself, as power variations affect the resonator via photo-thermal
back-action. In this process, the resonator absorbs light, and the absorbed
energy alters its mechanical properties. Depending on the laser intensity and
the absorption characteristics of the material, this effect can become a dom-
inant source of noise [6, 17, 18].
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1.3 Thermomechanical Noise Measurement
At the heart of thermomechanical noise is the thermal motion of atoms or
molecules in any material at a non-zero temperature. This motion, com-
prised of vibrations and collisions, appears random but is driven by thermal
energy. Due to the resonance frequencies in mechanical structures, the sys-
tem tends to oscillate even without external actuation and just based on the
internal energy of the material. This effect is especially significant for small
structures like NEMS. This is called the thermomechanical resonance and
depending on the damping, noise in the system and method of measurement,
these resonances can be observed. This is quite significant to note, since that
means one can pick up a resonance frequency without specifically exciting
the structure, it is visible just based on its temperature. Thermomechanical
resonances are especially important because they allow the identification of
system characteristics without any deviations that might come with a driven
system [15]. One of the most identifiable features of thermomechanical res-
onance is a peak in the response of the system, at the resonant frequency.
One example of such a thermomechanical resonance is shown in Figure 1.5,
which was recorded using an LDV, a spectrum analyzer and a membrane
resonator. The reason a spectrum analyzer is used specifically, is to ensure
the independence of the result to resolution measurement bandwidth. Figure
1.5 shows the data points in blue that represent the actual measurement,
but to characterize this peak properly a fit is applied. The fit consists of two
components, a constant PSD and a Lorentzian function, that once combined,
fit the data well.
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Figure 1.5: Thermomechanical noise peak measured with an LDV and fitted
with a Lorentzian function

.

An important application of measuring the thermomechanical noise peak is
the calibration of the system [15]. Essentially, by measuring the peak value
of the resonance Szth as well as the noise floor Str, a transduction coefficient
κd can be calculated (equ. (1.4)).

κd =

√︃
Sztr

Szth

(1.4)

This transduction coefficient represents the ability of a read-out approach
to resolve the thermomechanical noise peak in comparison to the noise floor.
The lower the transduction coefficient the higher the thermomechanical noise
peak in comparison to the noise floor [6].
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1.4 Lock-in Amplifiers
Lock-in amplifiers are instruments often used in experimental physics and
engineering applications to extract weak signals from noisy backgrounds.
Their principle of operation relies on phase-sensitive detection, allowing for
the precise measurement of signals buried in noise.
At the heart of a lock-in amplifier is a reference signal generator, typically
a stable oscillator producing a sinusoidal signal. This reference signal is de-
noted as Vref(t) = V0 cos(ωref · t + φref ), where V0 is the amplitude, ωref the
angular frequency, t the time, and φref represents the phase. The signal to be
measured is also defined as a sinusoidal signal but with an arbitrary phase,
amplitude and frequency Vsig(t) (equ. (1.5)) [19].

Vref(t) = V0 sin(ωref · t + φref)
Vsig(t) = V0 sin(ωsig · t + φsig) (1.5)

The multiplication of the two signals is shown in Equation (1.6).

Vref(t) · Vsig(t) = V0 sin(ωref · t + φref) · V0 sin(ωsig · t + φsig)

= V 2
0
2

[︀
cos((ωref − ωsig) · t + (φref − φsig))

− cos((ωref + ωsig) · t + (φref + φsig))
]︀

(1.6)

The significance of this multiplication is apparent when the two frequencies,
ωref and ωsig, are equal. In this case, a signal at twice the frequency, at
2 · ωref , and a DC (0 Hz) component are generated. By using a low-pass
filter slightly above DC, the desired signal can be precisely isolated while
eliminating noise at higher frequencies. This approach is sufficient for many
applications; however, it neglects the phase difference between the signals.
Although there is no issue if the signals are perfectly in phase, in all other
cases, a dependency arises. To measure both amplitude and phase, a single
sinusoidal reference signal is not sufficient. Instead, a second reference signal,
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phase-shifted by 90◦, denoted as Y (t), is introduced in conjunction with the
original signal now depicted as X(t) in Equation (1.7) and (1.8).

X(t) = V0 sin(ωref · t + φref) · V0 cos(ωsig · t + φsig) (1.7)

Y (t) = V0 sin(ωref · t + φref) · V0 sin(ωsig · t + φsig) (1.8)

A =
√︁

X(t)2 + Y (t)2 (1.9)

Φ = arctan
(︂

Y (t)
X(t)

)︂
(1.10)

Utilizing the quadrature components in equation (1.9) and (1.10) enables
lock-in amplifiers to measure not only with very low noise, but also phase-
insensitive [19].
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1.5 Phase-Locked Loop
Phase-locked Loops (PLLs) are versatile control systems commonly employed
in electronics and communications to synchronize the phase and frequency
of an output signal with that of a reference signal. The core functionality
of a PLL revolves around maintaining a stable phase relationship between
these signals, making them invaluable in numerous applications, including
frequency synthesis, signal clocks, demodulation and keeping track of fre-
quency changes.
At the heart of a PLL lies a phase detector according to eq. 1.10, a compo-
nent that compares the phase of the input signal with that of the reference
signal. The phase detector generates an error signal proportional to the phase
difference between the two signals. This error signal is then fed into a loop
filter, which smoothens and conditions it before being used to adjust the
frequency and phase of a controlled oscillator (CO). The CO generates an
output signal whose frequency and phase are controlled by the feedback loop
[6, 20].
A simple schematic of this process is shown in Figure 1.6. The frequency
divider is an optional component that is used if there is a need to use a
fraction of the original output frequency.

Figure 1.6: Schematic of a simple PLL

As the loop operates, the output signal of the CO is continuously adjusted to
minimize the phase difference between the input and reference signal. Once
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locked, the output signal tracks the frequency and phase of the reference sig-
nal, maintaining a stable phase relationship over time. PLL-based frequency
tracking systems utilize the inherent resonance of NEMS to lock the phase
and frequency of the output signal to a stable reference signal. By contin-
uously adjusting the frequency of the drive, based on the phase difference
between the readout and the reference signal, the PLL ensures that the ref-
erence signal remains in sync with the output signal of the NEMS resonator,
effectively tracking any changes in the resonance frequency of the NEMS
device [6].
Phase-locked loops and lock-in amplifiers are connected via their shared prin-
ciple of phase detection through signal modulation. While lock-in amplifiers
utilize phase-sensitive detection to extract and amplify signals buried in noise,
PLLs focus on maintaining a precise phase and frequency relationship be-
tween input and reference signals.
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1.6 Optical Lever Technique
The optical lever technique (OLT) is based on light being deflected from
an angled surface and the reflected beam path being displaced because of
it. A simple depiction of this can be seen in Figure 1.7, where the angle of
the surface in regards to the incident beam results in a displacement of the
reflected beam depending on the original angle and the distance the reflected
beam is able to travel.

𝛼
Figure 1.7: A change in angle of the reflective surface causes a displacement
of the beam.

In the application of a read-out for NEMS, this angle change is due to the
mode shape of a resonator at resonance. A laser beam is focused onto the
surface of the NEMS, ideally at a nodal point of the mode shape, as this is
the location where the resonance results in the highest change in angle and
deflected based on the oscillation of the resonance. Depending on the struc-
ture and resonance, these nodal points occur at different positions. However,
significant angle changes typically occur near the clamping of the resonator.
The focused light is then reflected off the surface of the resonator, and since
the structure moves and bends, the angle of reflection of the laser beam
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changes. This change in reflection angle is typically very small, but using
the optical lever, this angle change results in a displacement of the reflected
laser beam that also depends on the distance it travels. Therefore, the longer
the distance the beam travels after being deflected, the more pronounced the
displacement of the beam. As a trade off, the longer the light travels the
more diffracted it becomes and the harder it is to extract information [21].
This reflected beam position can then be detected via a position-sensitive
photodetector, such as a quadrant photodiode. Assuming a quadrant pho-
todiode, the center of the detector would be aligned to the reflected beam,
producing the same signal for all photodiodes. Once the resonator oscillates,
the beam hits the angled surface and is deflected at an angle, unbalancing
the quadrant detector.

1.6.1 Estimation of expected amplitude

In order to get an estimate of the deflection the light beam experiences due
to the oscillation of a resonator, the modeshape function of a resonator can
be inspected. Based on the shape and a given displacement amplitude the
approximate displacement can be calculated to get an idea of the obtained
signal. The starting point is the mode shape of a rectangular membrane
φn,j(x, y) [15]:

φn,j(x, y) = sin
(︂

nπx

Lx

)︂
sin

(︂
jπy

Ly

)︂
(1.11)

Where n and j represent the mode numbers, that combined identify the
individual resonance modes. Lx and Ly are the lengths in the respective
dimension. This mode shape is the displacement of the resonator and in this
formula it is normalized to 1. For a real resonator, the amplitude has to be
adjusted. The amplitude can be obtained via measurements with an LDV
or for a theoretical approach, the critical amplitude zc before the onset of
nonlinearity can be used.

zc =
√︃

8
3
√

3
1√
Q

√︃
mω2

0
α

(1.12)
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Where zc is the critical amplitude, Q the quality factor of the resonator, m

the effective mass, ω0 the resonance frequency and α the duffing parameter
[15].
The maximum displacement amplitude A0 is applied to Equation (1.11) and
the mode shape function scales accordingly (equ. (1.13)).

An,j(x, y) = A0 sin
(︂

nπx

Lx

)︂
sin

(︂
jπx

Ly

)︂
(1.13)

The optical lever technique relies on changes in angle rather than changes
in displacement. Therefore, the first derivative, which represents the change
in displacement, is of interest rather than the mode shape, since the mode
shape depends on two variables, the total derivative has to be calculated as
is shown in Equations (1.14), (1.15) and (1.16):

dAn,j(x, y) =
dAn,j(x, y)

dx
+

dAn,j(x, y)
dy

(1.14)

The derivative for each dimension being as follows:

dAn,j(x, y)
dx

= A0
nπ

Lx

cos
(︂

nπx

Lx

)︂
sin

(︂
jπy

Ly

)︂
(1.15)

dAn,j(x, y)
dy

= A0
jπ

Ly

sin
(︂

nπx

Lx

)︂
cos

(︂
jπy

Ly

)︂
(1.16)

Together, they describe the angle across the surface of the membrane as
described in Equation (1.17).

dAn,j(x, y) = A0

(︂
nπ

Lx

cos
(︂

nπx

Lx

)︂
sin

(︂
jπy

Ly

)︂
+ jπ

Ly

sin
(︂

nπx

Lx

)︂
cos

(︂
jπy

Ly

)︂)︂
(1.17)

Since the two terms are identical, just originating from a different dimension,
for harmonic (n = j) modeshapes of a square membranes (Lx = Ly) the
equation reduces to Equation (1.18).
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dAn(x)
dx

= A0
nπ

Lx

cos
(︂

nπx

Lx

)︂
(1.18)

The cosine part of the equation can be solved for max(cos
(︁

nπx
Lx

)︁
) = 1, since

the focus is on the maximum values.

dAn(x)max
dx

= A0
nπ

Lx

(1.19)

These maxima occur physically for different modes in different positions of
x. These positions at multiples of x = Lx

n
( for 0 < x < Lx ) are the nodal

points of the mode shape, where the amplitude is at its minimum and the
angle at its maximum.
With a known displacement A0, the change in angle and therefore the change
in displacement on the detector can be estimated. For a square membrane of
Lx = Ly = L = 1 mm and an amplitude of A0 = 10 nm, the maximum angle
in one dimension comes out to (1.20).

αmax = dAmax(n)
dx

= A0
nπ

Lx

= 10−6nπ (1.20)

This change in angle is then leveraged through the optical path to enhance
the displacement on the detector. The longer the optical path, the greater
the effect. To determine the actual displacement on the detector d, Equa-
tion (1.21) shows the trigonometric relationship that is equivalent to this
enhancement:

d = tan(αmax)ffocal = tan
(︂

A0
nπ

Lx

)︂
ffocal (1.21)

In this work the laser spot is focused on the resonator; therefore, the length
of the optical lever is given by ffocal which is the focal length of the lens. For
a lens with a focal length of ffocal = 125 mm, an estimate of the displacement
of the reflected beam spot for the first resonance mode (n = 1) can be made
(equ. (1.22)).

d = tan
(︂

π
10−8

10−3

)︂
· 125 · 10−3 ≈ 4µm (1.22)
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Figure 1.8 shows the linear relation between deflection of the reflected beam
on the detector and the mode number for a fixed oscillation amplitude. The
deflection on the detector only depends on the focal length since after the
reflected beam passes the lens again, it is collimated.
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Figure 1.8: Deflection d of the light beam on the detector after an optical
lever of 125 mm for increasing mode numbers

The expected displacement for a resonator driven at its critical amplitude
is approximately 4 µm. However, given a sufficiently high Q-factor, even an
undriven resonator exhibits a measurable displacement.
Using the same membrane as above, and assuming a quality factor Q, effec-
tive mass meff, angular resonance frequency ω0, and temperature T together
with the Bolzmann constant kB, the mean square of the thermomechanical
displacement, ⟨z2

th⟩, can be estimated according to [15] (equ. (1.23)).

⟨z2
th⟩ = kBT

meffω2
0

(1.23)

Then the Root-Mean-Square of the displacement, zRMS is given by Equation
(1.24), which is the effektive displacement of the resonator due to thermo-



1. State-of-the-Art 23

mechanical noise.

zRMS =
√︁

⟨z2
th⟩ =

√︃
kBT

meffω2
0

(1.24)

The effective mass meff originates from the design of the resonator and its
material. For a square membranes the effective mass is given by Equation
(1.25) [15]:

meff = m0
4 (1.25)

m0 is the actual mass of the resonator and in this case, which can be easily
calculated using the density of silicon nitride ρ, its thickness h and its side
length L. The factor of 1

4 is due to the design of the resonator [15].

m0 = L2hρ (1.26)

The density of silicon nitride, ρ, was taken from the literature [22], while
the other parameters were approximated from previous measurements. The
quality factor Q can either be estimated theoretically or measured experi-
mentally. A ring-down measurement or the measurement of the Full-Width
at Half-Maximum (FWHM) of a resonance allows for the determination of Q.
For high-Q resonators, the ring-down method is preferred since the resonator
linewidth decreases with increasing Q [15, 23, 24].

Parameter Value Unit
L 1000 µm
h 50 nm
ρ 3000 kg/m3

meff 37.5 × 10−12 kg
Q 105 -
ω0 150·2π rad/s
T 300 K

Table 1.1: Parameters used for the estimation of the critical amplitude.

Given the parameters in 1.1 and Equation (1.23) the RMS of the thermome-
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chanical displacement can be calculated as shown in Equation (1.27)

zRMS ≈ 1.1 × 10−11 m (1.27)

And finally, the displacement on the detector due to the thermomechanical
noise of the first resonance mode can be estimated using Equation (1.21).

d = tan
(︁

π
zRMS

L

)︁
ffocal ≈ 4.38 nm (1.28)

Equation (1.28) indicates that for the thermomechanical noise peak of the
fundamental mode of a 1 mm square membrane, the expected displacement
on the detector is approximately 4.38 nm.
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1.7 Laser Doppler Vibrometer
A laser Doppler vibrometer is an advanced optical measurement tool used
in various fields, including NEMS, for non-contact and highly sensitive mea-
surement of vibrations and displacements. It is a versatile instrument that
can provide precise measurements of dynamic behavior.
The LDV operates based on the Doppler effect, which is the shift in frequency
of a wave (such as light) when observed from a moving source due to velocity.
In the context of an LDV, the source is a laser beam, and the observed object
is the vibrating structure. The LDV emits a laser beam towards the surface
of the NEMS and it is partially reflected by the surface. Because of the
velocity of the vibrating surface, the reflected light experiences a small shift
in frequency due to the Doppler effect. By splitting the laser beam into two
paths at the source, one independent reference beam and one signal beam can
be kept separate. The signal beam reaches the object of interest and has its
frequency shifted, while the reference beam is kept internal and experiences
no outside influence. By interfering the two beams, due to the difference in
frequency, information about the velocity can be inferred [25, 26].
In the context of NEMS and MEMS, LDVs are used for various purposes,
such as measuring the resonant frequencies, vibrational modes, and damp-
ing characteristics of such devices. LDVs are especially valuable when work-
ing with delicate or complex resonators where contact-based measurements
might disturb the behavior being studied.
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1.8 Fourier-Transform-Infrared-
Spectroscopy

One of the applications of tracking the resonance frequency of NEMS lies in
spectroscopy [27–30], particularly in infrared spectroscopy. One application
of this is combining NEMS with a Fourier-Transform Infrared Spectroscopy
(FTIR) device and depositing an analyte onto the NEMS structure, directing
the light from FTIR device onto the resonator and recording its reaction in
frequency to the incident light. FTIR is a powerful analytical technique that
employs the mathematical principles of Fourier transformation to analyze the
interaction of light with a sample, converting signals from the time domain
to the frequency domain. This process results in a spectrum of frequencies
that correspond to the unique vibrational modes of the molecules that make
up the sample.
The key component of an FTIR system is the Michelson interferometer, which
modulates a broadband infrared light source by splitting it into two beams
that travel different optical paths before recombination. As the movable mir-
ror shifts, the recombined beams undergo constructive and destructive in-
terference at different optical path differences, leading to a varying intensity
pattern known as an interferogram. This interferogram contains contributions
from all wavelengths of the light source simultaneously. When this beam il-
luminates the sample placed between the light source and photodetector,
specific molecular vibrations within the sample absorb light at characteristic
wavelengths. This absorption causes the transmitted light after the sample to
have a reduced intensity for these wavelengths. By tracking the transmitted
light and processing them with the FTIR system, the absorption character-
istics of the sample can be obtained.
The data acquired in the time domain is then transformed into a frequency
spectrum using a Fast Fourier Transform (FFT). The resulting spectrum
reveals the absorption profile of the sample as a function of the wavenumber
or wavelength.
The spectrum produced by FTIR serves as a molecular fingerprint of the an-
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alyte, with each peak and valley corresponding to distinct molecular bonds
and structures. This capability enables the identification and characterization
of the chemical composition of a sample. Additionally, FTIR offers significant
advantages over dispersive spectroscopic methods. One of its most notable
features is speed: FTIR can capture information across all wavelengths si-
multaneously, making it an exceptionally fast and efficient tool for molecular
analysis. This efficiency, combined with its ability to provide detailed molec-
ular information, makes FTIR a cornerstone technique in fields ranging from
materials science to biochemistry [31].
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2.1 NEMS Resonator
Nano-Electro-Mechanical System resonators exist in a range of variations,
defined by their shape and the physical properties of the materials from which
they are made. The resonators used in this work are low-pressure chemical
vapor deposition (LPCVD) silicon nitride (SiN) square membranes with a
perforated central area. The membrane measures 1 mm per side and has a
thickness of 50 nm.
The wafer from which the resonator chips are fabricated consists of three
layers: a 380 µm thick silicon (Si) layer, with thin SiN layers on both the top
and bottom. The top SiN layer later forms the membrane, but to create a
free-standing membrane, the bulk Si underneath must be removed.
The membrane resonators used in this work feature an array of perforations
in their central region, with a total diameter of approximately 600 µm. The
perforations consist of 6 µm large holes and a distance of 3 µm between the
holes. Originally designed for spectroscopy [29], these perforations allow tar-
geted particle deposition in the center. As demonstrated by Luhmann et al.
[29], the resonator can be used in combination with a light source for infrared
spectroscopy.
The fabrication process is briefly illustrated in Figure 2.1. The patterning
of the individual layers was performed using photolithography, with masks
containing the designs for each fabrication step across the entire wafer.

Figure 2.1: Steps of the fabrication process

The first step (1) shows the clean wafer as received from the manufacturer,
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consisting of a silicon layer sandwiched between two silicon nitride layers.
As the first fabrication step (2), perforations are etched into the SiN using
reactive-ion etching (RIE). Next (3), two electrodes are added by depositing
a thin layer of chromium (5 nm) followed by a gold layer (95 nm) via physical
vapor deposition (PVD). The chromium layer, though not depicted, enhances
adhesion between the gold and SiN.
The final processing step involves removing the bulk silicon to release the
membrane, allowing it to oscillate freely. This is done by partially etching the
backside SiN via RIE (4), followed by potassium hydroxide (KOH) etching,
which selectively removes silicon while leaving SiN nearly unaffected. Only
previously exposed areas are etched, while the rest remains intact (5). Finally,
the completed wafer is dried and broken into individual chips, each featuring
a central membrane with perforations and electrodes on top (6).
For magnetomotive read-out, electrodes are required. However, for optical
read-out, they are unnecessary. Since the gold layer affects the characteris-
tics of the resonator, the electrode deposition step (3) was omitted for the
resonators used in the optical system comparison. The resonators used in
this work have been fabricated in a local clean room, but their fabrication is
outside the scope of this work.
The resonators in this work are operated in a vacuum environment to reduce
the effect of damping and thermal conductivity caused by the presents of
gas [15]. The pressure for for all measurements is reduced to at least 1 ×
10−5 mbar.
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2.2 Optical Lever Setup
In this work the optical lever is implemented with a single optical arm and a
beamsplitter, which means that the incoming and reflected light pass through
mostly the same optical components. A more common implementation uses
two separate paths; one for the incoming beam and then another independent
one for the reflected beam. By using a single optical path for most of the
light, misalignment issues and differences in the paths are reduced. Since
the same path is used for the incoming and reflected light beam, there is a
need to distinguish between the two. A very compact and straightforward
way of achieving this is a polarizing beamsplitter combined with a quarter
waveplate, as was demonstrated by [32].
The main components used in this work are described below and Figure 2.2
shows the configuration of optical components and the resonator setup.
The laser diode (Thorlabs laser module LDM785) produces a collimated, el-
liptical beam with a wavelength of 785 nm. A pinhole then reshapes the beam
into a smaller, circular profile. This reshaped beam enters a polarizing beam-
splitter (CCM1-PBS252/M), which is precisely aligned to the polarization of
the laser beam to ensure maximum transmission. After passing through the
beamsplitter, the beam encounters a zero-order waveplate (WPQ05M-780),
which rotates the polarization of the transmitted light by 45◦. The light then
encounters the target from which it reflects and passes through the waveplate
again. The light undergoes an additional 45◦ polarization shift, resulting in a
total change of 90◦ with respect to the original beam. Due to this polarization
shift, the beamsplitter redirects the light to an orthogonal output instead of
back to the laser. At this output, a photodetector (QP5.8-6 TO) is placed
to capture and analyze the reflected light. In order to remove the impact of
light, which is not of the wavenumber of the laser, a wavelength band pass
was installed right before the detector (Thorlabs FBH790-10).
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Figure 2.2: Measurement setup for the optical lever readout.

Laser Diode: The laser diode provides coherent, monochromatic light through
stimulated emission. By stimulating photon emission in a p-n junction and
amplifying it within an optical cavity. Important for this application is the
collimated and coherent output of the laser.

Pinhole: The laser beam shape provided by the laser diode is rather large
and elliptic with a shape of roughly 2.6 mm x 4.4 mm. Therefore, a pinhole is
placed right after the diode to restrict the shape to a smaller circular shape.
It was set to a hole with a diameter of 0.5 mm.

Polarizing Beamsplitter: Polarizing beamsplitters operate on the principle
of polarization-based separation of an incident light beam. Utilizing mate-
rials with birefringent properties, and a thin film coating, the beamsplitter
effectively separates the s-polarized and p-polarized components. While one
component passes through the beamsplitter unimpeded, the other compo-
nent is reflected at a 90◦ angle. This creates two separate beam paths, with
one component of the light each. In this work the beamsplitter is aligned so
all the incoming light from the laser, is transmitted to the resonator. The
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reflected light has a change of polarity due to the waveplate and therefore is
reflected at a 90◦ angle, effectively separating the incoming laser light from
the reflected light. The reflected light contains information regarding the res-
onator; therefore, the detector is placed on this side of the beamsplitter.

Zero Order Quarter Waveplate: The λ
4 waveplate introduces a phase

shift, effectively causing a 45◦ rotation in the polarization of linearly po-
larized light. This phase alteration transforms the light into an elliptically
polarized form. This property is used to distinguish between the incoming
and reflected beams. The incoming light passes through the waveplate, and
by being reflected off of a surface, it causes the elliptical polarization to
change direction. Passing through the λ

4 waveplate a second time, results in
singular polarized light with a 90◦ phase change in total, compared to the
original incoming light.
The principle of optical separation using a quarter waveplate and a polarizing
beamsplitter is well illustrated by Edmund optics [33].

Detector: Photodiodes convert light into electrical current via the photo-
voltaic effect. Photons incident on the diode generate electron-hole pairs,
creating a photocurrent. In particular, quadrant photodetectors, with their
quadrant-based structure, excel in determining the position of incident light.
By combining the photocurrent of all 4 quadrants information about the po-
sition can be determined. More on this in section 2.2.1.

Lens: The plano-convex lens, with a flat and a convex surface focuses and
collimates light depending of the orientation. In the setup used in this work,
the lens first focuses the incoming light onto the NEMS device and then
re-collimates the reflected light. Because the optical lever depends on the
distance the uncollimated light travels after being reflected, a longer focus
length of the lens leads to a larger displacement on the detector, but no mat-
ter what, light will eventually diverge, which reduces the effectiveness of the
optical lever.
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Optical Port: The optical port allows light to pass to the insides of the
vacuum chamber without impacting the vacuum itself. The most important
requirement for this component is that it is highly transmissible for the wave-
length of the light used. N-BK7 is a material that is highly transmissible in
the wavelength range of 350 nm - 2 µm. The optical window in this work has a
specific coating for wavelengths between 650 nm - 1050 nm650nm − 1050nm

(Thorlabs WG11050-B), which allows the wavelength of the laser to pass,
but blocks out a large part of the light spectrum that is of no interest.

The setup regarding the resonator consists of a vacuum chamber connected
to a vacuum pump system (Agilent TPS-mini) and a piezo shaker below
the resonator for actuation. The read-out uses the optical lever setup with
the laser beam being positioned on the resonator through the optical port.
The optical lever setup implements the technique as described above and
the generated photocurrents are converted to a voltage signal as described
in section 2.2.1. The generated oscillation is then further amplified using
a low noise voltage amplifier (SR560 Stanford Research Systems). A lock-in
amplifier (Zurich Instruments MFLI) is fed the amplified signal, where a PLL
locks onto the resonance frequency and keeps track of it while providing the
drive for the piezo shaker. The optical assembly itself is fixed on top of an
XY-stage that is itself mounted to the vacuum chamber. This allows for the
positioning of the beam spot to different locations on the resonator without
changing the optical arm itself.
The proper measurement procedure includes the tuning of the laser power,
which was simply done by adjusting the potentiometer screw on the laser
module. In order to be certain about the light power though, an external
photodetector (Thorlabs S120VC) was used to measure the power of the
laser light after the optical port and at approximately the same distance to
the detector as the resonator is positioned. This is to make sure, which power
reaches the resonator in every case and measurement.
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2.2.1 Photodiode Circuit

The optical lever technique uses optical elements to create a beam of light
whose center is displaced depending on the angle of the reflecting surface.
To accurately track the position of this reflected beam, this work utilizes a
quadrant photodiode. Each quadrant contains an identical photodiode, which
generates a current in response to incident light and is separated by only a
small gap of 24 µm (fig. 2.4 shows a schematic). There are two ways to use this
current: either the currents are directly processed or the current is converted
to a voltage. For voltage signals a transimpedance amplifier (TIA) circuit can
be implemented, which converts and amplifies these minute currents into volt-
age signals that can then be further analyzed with appropriate instruments.
While it can be beneficial to process the signals as current and then convert
the final signal to voltage, this approach comes with a more complicated de-
sign that requires fine-tuning of every component [34]. Especially the tuning
of the bias currents of each transistor makes the design complicated and hard
to scale. This work considered implementing the current-based approach but
ultimately opted for the voltage-based implementation due to its simplicity
and ease of use.
The transimpedance amplifier operates via an operational amplifier (op-amp)
in conjunction with a feedback resistor (Rf ) and a few capacitors. The resis-
tor determines the gain of the TIA, dictating the conversion ratio between
input current and output voltage. The TIA used here is displayed in Figure
2.3. To enhance the stability of the amplifier, a parallel feedback capaci-
tor, Cf , is installed alongside the feedback resistor RF . This capacitor plays
a vital role in managing the frequency response and maintaining the phase
margin of the amplifier, mitigating potential oscillations and ensuring reliable
operation [35].
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Figure 2.3: a) Electric schematic of photodiodes in parallel generating a
photocurrent based on the respective light exposure each. b) Transimpedance
amplifier circuit implementation that transforms the incoming diode current
into a voltage signal.

Each quadrant of the split photodiode is connected to one transimpedance
amplifier, which converts each respective diode current into a voltage. De-
pending on the orientation of the deflection on the detector, the configura-
tion for measuring oscillations may vary. When the beam is situated at the
boundary of one quadrant and the oscillation moves out of its bounds, the
photocurrent of this quadrant follows an oscillating signal. However, if the
beam is positioned between two photodiodes, resulting in two signals that
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are 180◦ phase-shifted, feeding these signals into a differential amplifier effec-
tively doubles the amplitude of the oscillating signal while removing common
noise. This concept is depicted in Figure 2.4, where the beam spot moves be-
tween quadrant A and D, generating an oscillation. Subtracting these signals
produces a new signal with the the same frequency, but double the amplitude.

Figure 2.4: a) Schematic of the quadrant photodetector with the beam spot
moving between quadrant A and D. b) Corresponding signals generated from
photodiodes A and B and their difference.

The utilization of four quadrants provides flexibility for measurements in
two dimensions. Depending on the resonance mode of the NEMS and the
placement of the laser beam on the resonator, the movement of the reflected
beam varies. If only two diodes are used, the beam on the detector may move
either horizontally or vertically. Depending on the photodiodes used for the
read-out, oscillations might not be detected at all.
If necessary, there is the option to calculate two separate signals, essentially
the X and Y components of the deflection on the detector. In Figure 2.4
only an oscillation along the X-Axis is assumed. However, considering there
could be a diagonal displacement of the beam, some information about the
movement would be lost.
To capture the total deflection, the two signals

X = PD_D + PD_A − (PD_B + PD_C) (2.1)
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Y = PD_A + PD_D − (PD_B + PD_C) (2.2)

are computed via an additional subtracting operational amplifier circuit.
To determine the total length, which can now be considered the magnitude
of a vector

S⃗ =
(︃

X

Y

)︃
(2.3)

the quadrature must be formed:

|S⃗| =
√︀

X2 + Y 2 (2.4)

This may be a simple operation in a mathematical context, but in electrical
circuits it is quite complicated to implement. One way to accomplish this is
by using a micro-controller or FPGA to convert the voltages to digital values,
perform these additional operations, and then convert the results back into
analog signals. For the sake of simplicity, this work focuses on either the X
or Y component and therefore, only uses two photodiodes at a time.

2.2.2 Measurement Procedure

The standard procedure for each measurement is to place the resonator in the
vacuum chamber on top of the piezo shaker. The vacuum chamber is closed,
the vacuum pump started, the optical components installed on top of it
and then some time has to pass until the vacuum reaches a stable pressure of
1×10−5 mbar. Then the laser is turned on while the output voltages of two out
of the four quadrants of the photodiode are observed. The laser is positioned
on the resonator via the XY-stage of the optical arm. The photodiode has its
own translation stage to adjust the alignment of the reflected beam and the
detector. The alignment of the reflected beam to the photodiode is adjusted
until the voltages of the two diodes show the same absolute DC voltage.
At this point the membrane does not oscillate yet, but rather acts as a
reflective surface. Once the signals are balanced, an appropriate frequency
range is chosen for which the lock-in amplifier performs a frequency sweep.
If correctly aligned, the sweep shows one or more resonance peaks similar to
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1.3. In case this is not observed, the alignment of the optical setup to the
resonator or the alignment of the reflected beam to the photodiode has to be
adjusted. Depending on the resonance mode, the reflected beam is displaced
in a certain direction on the detector, and this direction of displacement
has to match the two photodiodes connected to the lock-in amplifier. Once
the desired resonance frequency is found, it can be locked using a PLL and
the oscillation amplitude can be plotted and observed. The laser has up to
this moment only been roughly aligned to the resonator, but now that the
resonance is locked, the alignment can be fine-tuned by observing the voltage
amplitude while moving the laser spot.
By moving along one axis at a time, the modeshape can also be observed since
the amplitude shows its maximum when the laser is positioned on the nodal
points and the minimum at the anti-nodal points. One such measurement
is shown in Figure 2.5(d), where the laser beam spot was positioned at the
center of the membrane along the Y-axis and slightly off the membrane along
the X-axis. By gradually moving the laser across the membrane in the X-axis
while maintaining its Y position, changes in amplitude were observed. The
amplitude reaches a maximum at the center of the membrane, with two
local maxima closer to the rim. This pattern aligns well with the expected
mode shape, including its nodal and anti-nodal points as can be seen with
the comparison in Figure 2.5(d). The increased amplitude at the center,
compared to positions near the edges, is attributed to the size of the beam
spot. The distorted shape is due to the imprecision of moving the laser with
a manual XY-stage which was simply translated by hand. This behavior
can also be calculated using the theoretical mode shapes shown in section
1.2 based on equations established in [15]. The results of this calculation is
shown in Figure 2.5(a-d).The derivative of the mode shape represents the
change in angle and a Gaussian distribution is chosen to represent the laser
beam. The convolution of the derivative and the Gaussian distribution of the
laser show a very similar result as the measurement as can be seen in Figure
2.5(d).
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a)

b)

c)

d)

Figure 2.5: a) shows the simulated mode shape of a membrane for the
"1,2" mode. b) is the derivative of this modeshape along the Y-axis. c) shows
the modeshape and derivative along the center of the Y-axis. d) shows the
convolved signal of a Gaussian beam, with a diameter of 220 µm and the
derivative of the modeshape in the center of the X-axis.
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For this work the resonance mode "1,2" is used for all measurements, since
this one also works particularly well for the magnetomotive read-out.

Once optimized, the first step is to characterize the resonator with a ring
down measurement and by measuring the thermomechanical noise peak using
the spectral analyzer of the lock-in amplifier. Using these measurements,
the critical amplitude can then be calculated (see section 1.6.1) and the
drive adjusted to match this amplitude in voltage (see section 1.3). Once
this is established, the frequency stability measurement can be measured for
1 minute.

2.3 Magnetomotive Technique Setup
The magnetomotive readout employs an electrical principle in which a mag-
netic field induces currents in an electrode placed on the resonator. These
currents provide a readout of the oscillation amplitude of the resonator [3,
15, 29, 36]. Unlike the optical lever technique, no additional actuation mech-
anism is necessary because one electrode can serve as read-out and one for
actuation. A lock-in amplifier(Zurich Instruments MFLI) is used to process
the signal, and its PLL is employed for tracking the resonance frequency
changes. Figure 2.6 depicts the magnetomotive readout setup. Including a
set of magnets, an amplifying circuit and the lock-in amplifier.
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Figure 2.6: Measurement setup for the magnetomotive readout.

2.3.1 Measurement Procedure

Since the magnetomotive read-out is not sensitive enough to resolve the ther-
momechanical noise peak and does not require optical alignment, the mea-
surement procedure is relatively simple. The chip is installed, the electronic
connection to the electrodes is established, and the vacuum system is started.
Once the system reaches a pressure of 1 × 10−5 mbar, measurements can be-
gin. The resonance is then searched for via a frequency sweep and locked.
The amplitude of the drive is estimated by observing the locked frequency
of the resonator and adjusted until there is no observable jump in frequency.
Then the frequency stability is recorded for 1 minute.

2.4 Laser Doppler Vibrometer Technique
Setup

The laser Doppler Vibrometer is a widely recognized optical method for dis-
placement and velocity measurements. In this study, the LDV setup uses a
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vacuum chamber different from the one used for the optical lever and mag-
netomotive setups due to the shorter focal length of the particular LDV
configuration used in this work. The laser power was measured with an ex-
ternal power meter (Thorlabs S120VC) after the window, to guarantee the
power reaching the resonator is known.
The LDV (Polytec MSA-500) measures the velocity of the resonator surface
via the Doppler effect while a piezo actuator provides the driving force for
the resonator. A lock-in amplifier(Zurich Instruments MFLI) and PLL pro-
cess and track the frequency of the resonator. Figure 2.7 illustrates the LDV
measurement setup.

Figure 2.7: Measurement setup for the laser Doppler Vibrometer readout.

2.4.1 Measurement Procedure

The laser Doppler Vibrometer, similar to the optical lever technique requires
the calibration of the system to drive the resonator at the appropriate dis-
placement amplitude, so the first steps are the ring down measurement and
thermomechanical noise measurement. For this the resonator has to be placed
in the vacuum chamber and the vacuum pump system is started until the
pressure reaches a level of 1 × 10−5 mbar. Then the laser is turned on and
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aligned to a position where the "1,2" mode is expected to have a high am-
plitude. Then the lock-in amplifier is used to find the specific resonance fre-
quency and to lock it. Afterwards the oscillation amplitude can again be
observed while the laser position is adjusted until an optimal position is
reached. Once the laser is aligned to the resonator, the same procedure of
recording the ring down and measuring the thermomechanical noise peak is
performed to calibrate the system (see section 1.3). Once calibrated, the ap-
propriate drive is applied and the frequency stability is recorded for 1 minute.

2.5 FTIR Measurement Setup
As an application of the implemented optical lever readout, FTIR combined
with NEMS was chosen. FTIR uses infrared light to obtain information about
materials in the infrared spectrum. In contrast to the regular operation, the
variation implemented in this work uses NEMS resonators as both the de-
tector and the sample. The modulated infrared light is directed onto the
resonator, where some of the light is absorbed due to the interaction with
molecular bonds in the material. This absorption induces a frequency shift
in the resonator, which directly corresponds to the infrared absorption of the
sample. By precisely recording this frequency shift and feeding it back to the
FTIR via an external detector module, the FTIR can perform an FFT on the
signal to obtain the corresponding infrared absorption spectrum. Instead of
just using the resonator itself as the sample, analytes can also be deposited on
the resonator in small quantities. This additional analyte then also absorbs
infrared light at specific wavenumbers and passes this heat onto the resonator,
which again causes the frequency of the resonator to shift. The FTIR device
used in this work is the Bruker VERTEX 70, while the resonator setup is
identical to the magnetomotive readout technique and optical lever technique
setup respectively. The major difference is that the previously unused optical
port on the bottom of the vacuum chamber has now the light from the FTIR
passing through a diamond window (Diamond Materials GmbH & Co. KG).
The diamond material allows infrared light to pass through to the underside
of the resonator. Figure 2.8 illustrates the FTIR measurement setup.
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Figure 2.8: Measurement setup for FTIR spectroscopy with NEMS. Inde-
pendent of readout technique the setup has the light source of the FITR
pointed to the underside of the resonator and the measured frequency shift
is fed back into the FTIR.
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3.1 Allan Variance
To determine the effect of the read-out method on the frequency stability, it
is essential to use the same NEMS device in identical or nearly identical envi-
ronmental conditions as a basis for comparison. Consequently, all compared
results were recorded under conditions that were kept as consistent as possi-
ble. Therefore, the same resonance mode was measured with the exact same
resonators with each separate read-out technique. Since the frequency stabil-
ity of the resonators is under investigation, it is important to also consider
the devices used to record the frequency stability measurements. The lock-in
amplifier and the PLL implement filters with low-pass functionalities, which
must be taken into account as they suppress signals above a certain frequency.
In this work, the low-pass filter bandwidth of the lock-in demodulation is set
to fdemod = 2.5 kHz and the PLL bandwidth is set to fPLL = 500 Hz for all
measurements. Consequently, frequency fluctuations faster than the cutoff
time τPLL = 2 · 10−4 s are suppressed due to the low-pass behavior of the
PLL. Since the thermal time constant of the resonators (τth = 30 · 10−3 s)
limits the frequencies the resonators can follow, the PLL cutoff must be cho-
sen to be faster than this thermal time constant. However, since this work
also aims to investigate general detection noise, a larger-than-necessary PLL
bandwidth was chosen.

3.1.1 Optical Lever vs Laser Vibrometer

The resonators used for this comparison, were five identical 1 mm square sili-
con nitride (SiN) membranes (see Chapter 2.1) with no electrodes. Although
it was not feasible to employ identical vacuum chambers and for both meth-
ods, steps were taken to ensure the environments were as similar as possible.
The drive amplitude and laser power are crucial for a proper comparison,
as both significantly affect the performance and frequency stability of the
resonator. While higher laser power can improve the signal-to-noise ratio, it
also results in more energy being absorbed by the resonator, which then im-
pacts the frequency stability due to thermal fluctuations. Thus, optimizing
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the laser power is essential.
For this purpose after the first resonator was installed and ready to be mea-
sured, according to section 2.2.2 and section 2.4.1 respectively, the laser power
was varied and for each power level one frequency stability measurement was
recorded. So starting from the highest power setting, 1 min of frequency fluc-
tuations were recorded for each power level. After each recording the power
setting was reduced by one level and the system was allowed to stabilize
for 5 min to not have the previous measurement influence the following one.
These recordings were then analyzed to compute the Allan deviation, which
helped identify the most effective power settings. This was done for both the
LDV and OLT individually.
Figures 3.1 and 3.2 show the effect of an increase in laser power on the fre-
quency stability of the resonator. For low power measurements, the detection
noise is significantly higher than for high power measurements, which shows
as a higher level of noise in the shorter integration times. But when increas-
ing the laser power, there comes a turning point where, while the detection
noise continues to decrease, the laser power fluctuations begin to impact the
resonator and the frequency stability for larger integration times gets worse.
Consequently, the laser power of the optical lever technique (OLT) was set
to 100 µW, while the laser power of the laser Doppler vibrometer (LDV) was
adjusted to 16 µW.
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Figure 3.1: Allan deviations of the "S1" resonator for different power levels
recorded on the LDV. The black vertical line marks the thermal time con-
stant of the resonator at 30 ms.

Figure 3.2: Allan deviations of the "S1" resonator for different power levels
recorded with the OLT. The black vertical line marks the thermal time
constant of the resonator at 30 ms.

After this power calibration, each resonator was measured respectively in
each system with the now fixed power levels. The Allan deviations obtained
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are shown in Figure 3.3.
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(a) Resonator S1 (b) Resonator S2

(c) Resonator S3 (d) Resonator S4

(e) Resonator S5

Figure 3.3: The measured Allan deviations for resonator S1 to S5 both
with the OLT and the LDV. The black vertical line marks the thermal time
constant of the resonator at 30 ms.
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The LDV shows a lower detection noise in the region of 1×10−4 s to 1×10−2 s,
where not only is the Allan deviation itself lower, but also its slope is 1√

τ
com-

pared to the optical lever technique, which scales with 1
τ
. This indicates a

lower electronic noise due to optimized electronics and their noise sources.
However, given that the resonators in use have a thermal time constant of
about 30 ms, this improvement is not significant for a measurement with these
particular resonator. The resonators are not able to follow signals below their
thermal time constant since their temperature simply does not adjust fast
enough. In the 1 × 10−2 s to 1 × 10−1 s range, the performance of the OLT
nearly matches that of the LDV, with only a factor of 2-5 difference. Beyond
this range, up to end of the plot at 1 × 102 s the OLT shows better noise
performance, which can be attributed to an increased temperature drift in
the LDV setup.

Two measurements that stand out are the measurement of resonator "S1" for
the OLT and resonator "S4" for the LDV. Both exhibit a distinct flat section
in their Allan deviation between 1 × 10−2 s and 1 s, this brings back the issue
of laser power fluctuations and photothermal backaction [17, 18].
The Allan deviations for these two measurements indicate that the power
responsivity of the resonators was high enough for laser fluctuations to man-
ifest in their frequency stability. Since the laser power was set only once for all
resonators, variations in individual resonator responses were not accounted
for.
Figures 3.4 and 3.5, respectively, show the Allan deviation of resonators "S4"
and "S1" individually. With sufficient knowledge of the resonator parameters
and measurement setup, Kanellopulos et al. demonstrates that the frequency
behavior of resonators can be largely grouped into three categories [18]. Equa-
tion (3.1) shows that the additive phase noise power spectral density (PSD)
of a resonator Sγθ

(ω) consists of the thermomechanical noise PSD Syθthm
(ω)

and the detection noise PSD Syθdet
(ω).

Syθ
(ω) = Syθthm

(ω) + Syθdet
(ω) (3.1)
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The additive phase noise PSD Syθ
(ω) combined with the PSD of noise due

to temperature fluctuations Syth
(ω) and the PSD of the noise due to the

photothermal back action SyδP
(ω) form the total noise PSD Sy(ω) as shown

in Equation (3.2).

Sy(ω) = Syθ
(ω) + Syth

(ω) + SyδP
(ω) (3.2)

By measuring the output light of the laser with an external power meter
(Thorlabs S120VC) and converting the power fluctuations to frequency fluc-
tuations via the power responsivity of the specific resonator, the effect laser
power has on the resonator can be more accurately understood. The PSD of
the frequency fluctuations caused by variations in laser power, SyδP

, is shown
in Figures 3.4 and 3.5, demonstrating good agreement with the measured
data.
In retrospect, it seems feasible to record the power fluctuations first, and
calculate the maximum suitable power of the laser source based on the re-
sponsivity of the structure to prevent the impact due to the laser source.

Figure 3.4: Allan deviation of resonator "S4" (blue) recorded with the LDV.
The different noise contributions for the resonator are displayed individually
and as their sum are displayed. τth indicates the thermal time constant of
the resonator

.
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Figure 3.5: Allan deviation of resonator "S4" (blue) recorded with the OLT.
The different noise contributions for the resonator are displayed individually
and as their sum are displayed. τth indicates the thermal time constant of
the resonator

.

As a last comparison between the LDV and the OLT, the transduction co-
efficient (see section 1.3), that was also used in the calibration, is compared
for each chip. This is shown in Figure 3.6.
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S1 S2 S3 S4 S5
Resonator Sample
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Figure 3.6: The extracted transduction coefficient for both the LDV and
OLT for all five samples

The transduction coefficient depends on the read-out setup, its detection
noise and the resonator itself. According to Bešić et al., the transduction
coefficient is a limiting factor in the read-out of high-Q resonators [6]. There-
fore, it was important in this work to demonstrate the capabilities of the
optical lever technique in achieving transduction coefficients comparable to
those of an LDV. Figure 3.6 shows that the two optical read-out methods
exhibit very similar transduction coefficients for the resonators "S1", "S3" and
"S5" while the measurements for "S2" and "S4" show a difference of around
one magnitude. One possible reason for the inconsistency between the read-
outs and between the resonators is that the data rate used for recording the
thermomechanical noise PSD, which serves as the basis for the transduction
coefficient, was not chosen high enough. A higher data rate and averaging
across multiple measurements might yield more consistent results.

3.1.2 Optical Lever vs Magnetomotive

In this study the OLT was also compared with the magnetomotive read-
out (MAG). The chamber used for both measurements allows for switching
between magnetomotive and optical read-outs with minimal adjustments,
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ensuring similar conditions for the resonators and a fair comparison, without
having to move the resonator itself.
Three resonators of identical design were analyzed with both read-out sys-
tems, which since the magnetomotive read-out requires it to, have electrodes
on top of the membrane. For the OLT, the laser was again calibrated by
measuring the Allan deviation at various laser power levels and selecting the
setting that provided the most stable results. In Figure 3.7 is it apparent that
the power level of 150 mW performed the best, as it shows the lowest overall
detection noise without introducing additional fluctuations. The reason for
the increase in laser power, in comparison to the measurements done with the
pure silicon nitride membranes (without electrodes), is that the additional
gold absorbs some of the heat and helps conduct it off of the membrane,
allowing for more laser power to be used on these resonators.

Figure 3.7: Allan deviations of the "S7" resonator for different power levels
recorded with the OLT. The black vertical line marks the thermal time
constant of the resonator at 30 ms.

Due to the presence of additional gold electrodes on the resonator, which
alter their characteristics compared to bare structures, the system was not
calibrated via the theoretical critical amplitude. At the same time the mag-
netomotive read-out is not able to resolve thermomechanical noise peaks,
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therefore a calibration of this read-out is not possible at all. Instead, actu-
ation was based on the frequency response, where the locked frequency of
the resonator is observed while adjusting the drive. The critical amplitude
is defined as the threshold amplitude before non-linear affects significantly
show up in the frequency stability [15]. This can be observed by increasing
the drive of a locked resonator, since if the non-linear regime is reached, the
frequency shifts even though only the drive was changed. When the drive is
reduced, the frequency decreases again to the previous value. Using this as an
indicator makes it possible to approximate the critical amplitude, which was
how the two systems were compared in this work. Each resonator was first in-
stalled with the magnetomotive setup, locked, the resonator was driven close
to the critical amplitude and the frequency stability was measured. Then
the setup was changed to the OLT setup which just involved removing the
electrical connections that connected to the chip and installing the optical
setup of the OLT on top of the vacuum chamber. The chip was otherwise
not moved to ensure a good comparison. The calculated Allan deviations are
displayed in Figure 3.8 and indicate a significant difference in noise charac-
teristics. This was expected since this time it is not a comparison between
two optical read-out techniques like the LDV and the OLT, but rather an
electrical read-out with an optical read-out.
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(a) Resonator S7 (b) Resonator S8

(c) Resonator S9

Figure 3.8: The measured Allan deviations for resonator S7 to S9 both with
the OLT and the magnetomotive read-out. The black vertical line marks the
thermal time constant of the resonator at 30 ms.

The OLT measurements for resonator "S7" and "S9" show an improvement in
detection noise of about two magnitudes and the measurement of "S8" still
shows an improvement of about one magnitude. This is due to the additional
noise the electronic read-out introduces compared to an optical measurement
technique like the OLT. Noise in the actuation as well as read-out directly
affects the resonator and therefore, its frequency stability.
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3.2 FTIR Spectra
Infrared spectroscopy uses the infrared spectrum of light to characterize an-
alytes based on their absorption spectra. This method can be implemented
with NEMS devices, where the analyte is deposited on the resonator. The
frequency shifts caused by the absorption of light via the particles are tracked
and fed into the FTIR device. The setup for this is depicted in Figure 2.8.

To compare the magnetomotive and optical readout techniques, polypropy-
lene (PP) nanoparticles were deposited on a membrane resonator via spray
deposition [29]. These nanoparticles are 50 nm polypropylene (PP50 Lab261)
spheres and PP is a material with a very characteristic infrared spectrum. The
nanoparticles absorb light at specific wavelengths, causing the resonator to
heat up due to the absorbed energy. However, the resonator material (silicon
nitride) itself also absorbs infrared light. To mitigate the effects of unwanted
absorption by the resonator, a background measurement was performed with-
out the nanoparticles on the resonator. This background spectrum is later
subtracted from the spectrum recorded with the nanoparticles to obtain a
spectrum of the added analyte only.

Identical measurements were carried out using both the magnetomotive and
the optical lever technique for both the background measurement as well as
the resonator with analyte. The process of recording a spectrum with an
FTIR starts with recording an interferogram, which is later transformed via
the FFT to a spectrum via the FTIR device.
The interferogram of the empty chip recorded with the two techniques is
shown in Figure 3.9. Especially in the close-up regions in Figure 3.9 b-d), it
becomes apparent that the noise performance of the two read-outs directly
shows in the interferogram. The magnetomotive read-out shows additional
noise on top of the signal, compared to the optical lever technique. The in-
terferograms recorded with the analyte-loaded resonator (Fig. 3.10) contain
frequency information from both the empty resonator and the analyte, re-
sulting in a superimposed signal. Consequently, the signal-to-noise ratio is
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reduced compared to the interferogram of the empty resonator. Despite this,
the magnetomotive read-out still exhibits additional noise compared to the
optical lever technique. It is hard to create a metric for quantifying the noise
in an interferogram due to the mix between signal and noise. Both com-
ponents have a wide range in frequencies and no direct way to distinguish
them.
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a)

b)

d)

c)

Figure 3.9: Interferograms of an empty resonator without analyte, recorded
using the magnetomotive (MAG) and optical lever (OLT) techniques. a)
shows the full interferogram. b-d) show close-ups of regions in the interfero-
grams.
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a)

b)

d)

c)

Figure 3.10: Interferograms of a resonator with PP particles, recorded using
the magnetomotive (MAG) and optical lever (OLT) techniques. a) shows the
full interferogram. b-d) show close-ups of regions in the interferograms.
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After the interferograms are processed by the FTIR device, the spectral in-
formation becomes visible and the corresponding spectra can be studied. One
metric of interest is the signal-to-noise (SNR) of a spectrum. For this work,
the ratio of a particular spectral intensity was compared to the standard
deviation of a region with no spectral features (see equ. (3.3)).

SNR = S

σ
(3.3)

The empty resonator (see fig. 3.11) exhibits a prominent absorption peak
around 840 cm−1 and otherwise shows almost no spectral features. This peak
represents the absorption of the silicon nitride material of the resonator,
which is largely transparent at most wavelengths except in the range around
840 cm−1.
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a)

b)

d)

c)

Figure 3.11: Infrared spectra of an empty resonator without analyte, based
on the interferogram recorded using the magnetomotive (MAG) and optical
lever (OLT) techniques. a) shows the full spectra. b-d) show close-ups of
regions of the spectra. The orange region indicates the noise region and the
green line the signal for the SNR
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Signal Noise σ [10−6] SNR (a.u.)
MAG 1.21 1600 754
OLT 1.22 865 1409

Table 3.1: Extracted values and SNR of the spectra of an empty resonator
recorded with the MAG and the OLT.

To calculate the SNR and compare the two spectra, this peak was selected as
the representative signal in the SNR calculation (see fig. 3.11a-b)). The noise
was determined based on the standard deviation within the wavenumber
region indicated in Figure 3.11a),d).
Table 3.1 presents the extracted values and the calculated SNR for the empty
resonator. While the peak amplitude is similar due to normalization, the noise
level of the magnetomotive read-out is nearly twice as high as that of the
optical read-out, resulting in an SNR that is almost half for the electrical
read-out.
The spectra of the resonator with PP particles deposited on it show many
more spectral features and to isolate the spectra of the analyte, the previously
recorded background spectra, shown in Figure 3.11, is subtracted from it. The
resulting background-corrected spectra is shown in Figure 3.12 and does no
longer show the peak corresponding to the silicon nitride. The particles cause
several sharp absorption peaks in the infrared spectrum. The wavenumbers
of these peaks match well with wavenumbers found in literature [37–39].
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a)

b)

d)

c)

Figure 3.12: Infrared spectra of a resonator with PP particles, based on
the the interferogram recorded using the magnetomotive (MAG) and optical
lever (OLT) techniques. a) shows the full spectra. b-d) show close-ups of
regions of the spectra. The orange region indicates the noise region and the
green line the signal for the SNR
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Signal Noise σ [10−6] SNR (a.u.)
MAG 1.22 2756 443
OLT 1.21 2180 553

Table 3.2: Extracted values and SNR of the spectra of a resonator with PP
particles recorded with the MAG and the OLT.

For the SNR of these spectra, the same noise region as before for the empty
resonator was chosen. But since this spectra now represents the analyte a,
representative peak for polypropylene at 2920 cm−1 was selected. Based on
the intensity of this peak as the signal and the standard deviation of the
noise region as the noise, the SNR can again be calculated for both spectra
(see tab. 3.2).
In comparison the SNR of the spectra recorded with the OLT still shows a
better noise performance, but in comparison to the SNR corresponding to
the empty resonator, the noise decreased drastically for both read-outs. Still
the OLT shows a higher SNR compared to the MAG.
Compared to the results obtained in section 3.1, the difference between MAG
and OLT is less apparent. Even for the spectra of the empty resonator, the
difference in SNR is just a factor of two. This can be explained to the tech-
niques an FTIR device uses to calculate the spectra from the time signal.
Due to the FFT and several processing steps, the noise of the time signal
does no linearly affect the resulting spectra. One could compare the noise
that is contained in the interferogram, since this is a time signal and suf-
fering from the same noise, that also the frequency stability measurements
in section 3.1 experienced. The problem why this is not trivial is the super-
position of signal and noise in the interferogram. Because the interferogram
contains frequency information of a wide range of frequencies, it is hard to
interpret what compromises the signal and what is just noise.
The results presented in this section show the application of the optical lever
technique as well as the magnetomotive read-out and their impact on the
spectra obtained via FTIR. The SNR based on the empty resonator as well
as the one based on the resonator with particles, show a clear improvement
for the optical read-out over the electrical one.
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This work presented a comparative study of three read-out techniques—magnetomotive
(MAG), optical lever technique (OLT), and laser Doppler vibrometry (LDV)—focusing
on their noise performance and frequency stability. Additionally, FTIR mea-
surements were conducted to evaluate the performance of MAG and OLT in
a practical spectroscopy application.
The results demonstrate that the OLT setup offers noise performance compa-
rable to LDV under certain conditions, confirming its viability as a read-out
method for NEMS characterization. Its compact and straightforward design
enhances its appeal for experimental setups requiring versatility and cost-
effectiveness. However, further optimization of the system could improve its
performance and usability. For instance, integrating a microcontroller or ad-
vanced electronic circuits to process all four quadrants simultaneously would
eliminate the dependence of the read-out on the bending orientation of the
resonator.
A key focus of this study was the transduction coefficient, a critical parameter
in high-Q resonator read-outs. The results confirm that, for most cases, the
OLT achieves transduction coefficients comparable to LDV, although some
inconsistencies in measurements indicate the need for further refinement in
data acquisition and processing.
In the context of FTIR spectroscopy, the noise reduction achieved by the
OLT over the magnetomotive method was clearly visible in both the inter-
ferogram and the extracted spectrum. While Fourier transformation reduces
the impact of time-domain noise, the optical read-out still exhibited an over-
all improvement. Furthermore, the optical technique eliminates the need for
electrodes, reducing fabrication complexity and enabling multiple resonators
to be measured within a vacuum chamber by simply repositioning the laser.
This provides a clear advantage over the electrical method, particularly in
terms of scalability and cost reduction.
Overall, this study successfully demonstrates the feasibility of using the op-
tical lever technique for NEMS resonators in a vacuum environment, provid-
ing a non-contact, low-cost alternative to traditional optical methods such
as LDV. The findings contribute to the broader exploration of alternative
transduction mechanisms in nanoscale mechanical sensing, paving the way
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for more adaptable and optimized sensing technologies in fundamental re-
search and practical applications.
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