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ABSTRACT

SINGLE NANOPARTICLE SENSING WITH
NANOELECTROMECHANICAL RESONATORS
OPERATING AT NONLINEAR REGIME

Mert Yiiksel
M.S. in Mechanical Engineering
Advisor: Mehmet Selim Hanay
August 2019

Machines working at the nanoscale dimensions offer an important technologi-
cal opportunity for healthcare and biomedical screening. State-of-the-art nano-
machines are usually operated at small displacements, since engineering tools
for their control at large vibration amplitudes have so far been absent. Na-
noelectromechanical Systems (NEMS) have emerged as a promising technology
for performing the mass spectrometry of large biomolecules and nanoparticles.
Nanoparticles constitute an important family in the nanotechnology toolbox, be-
cause they indicate potential pollutions early on, or can be designed to act as
drug carriers for cancer therapy. As nanoscale objects land on NEMS sensor one
by one, they induce resolvable shifts in the resonance frequency of the sensor
proportional to their weight. The operational regime of NEMS sensors is often
limited by the onset-of-nonlinearity, beyond which the highly sensitive schemes
based on frequency tracking by phase-locked loops cannot be readily used. Here,
we develop a measurement architecture to operate at the nonlinear regime and
measure frequency shifts induced by analytes in a rapid and sensitive manner. We
used this architecture to individually characterize the mass of gold nanoparticles
and verified the results by performing independent measurements of the same
nanoparticles based on linear mass sensing. Once the feasibility of the technique
is established, we have obtained the mass spectrum of a 20 nm gold nanopar-
ticle sample by individually recording about five hundred single particle events
using two modes working sequentially in the nonlinear regime. The technique
obtained here can be used for thin nanomechanical structures which possess a

limited dynamic range.

Keywords: NEMS, Nonlinear Sensing, Gold Nanoparticles, Mass Spectrometry,
Nanoparticle Detection, Nanomechanical Sensors.

il



OZET

DOGRUSAL OLMAYAN REJIMDE CALISAN

NANOELEKTROMEKANIK REZONATORLERLE
TEKLI NANOPARCACIK ALGILAMA

Mert Yiiksel
Makine Mithendisligi, Yiiksek Lisans
Tez Danigmani: Mehmet Selim Hanay
Agustos 2019

Nano boyutta calisan makineler, saglik ve biyomedikal tarama i¢in onemli bir
teknolojik firsat sunmaktadir. En son teknolojiye sahip bu nano makineler, genis
titresim genliklerinde kontrolii i¢in miihendislik araclar1 mevcut olmadigindan
dolay1 genellikle kiigiik titregsim genliklerinde galigtirilir.Nanoelektromekanik Sis-
temler (NEMS), biiyiik biyomolekiiller ve nanopartikiillerin kiitle spektrometrisini
gergeklegtirmek icin umut verici bir teknoloji olarak ortaya ¢ikmigtir. Nanopar-
tikiiller, nanoteknoloji alaninda biiyiik bir 6neme sahiptir, ¢linkii bunlar erken
donemde potansiyel kirlenmeleri gostermek veya kanser tedavisi i¢in ilag tasiyict
olarak gorev yapmak icin kullanilabilinir. Nano boyuttaki nesneler NEMS
sensoriine tek tek indiginde, sensoriin rezonans frekansinda agirliklarina orantih
olarak c¢oziilebilir kaymalar yaratirlar. NEMS sensorlerinin caligtign aralik,
genellikle faz kilitli dongiilerin frekans izlemesine dayanan yiiksek hassasiyetli
semalarin kolayca kullanilamadigi, nonlineerite basglangici ile smirhdir. Bu
caligmada, lineer olmayan rejimde ¢alisarak ve nano parcaciklarin sebeb oldugu
frekans kaymalarini hizli ve hassas bir gekilde olgmek igin bir ol¢iim mimarisi
geligtirdik. Altin nano partikiillerin kiitlesini tek tek karakterize etmek i¢in bu mi-
mariyi kullandik ve ayni nanopartikiillerin lineer kiitle algilamaya dayali bagimsiz
olctimlerini yaparak sonuclar: dogruladik. Teknigin uygulanabilirligi test edildik-
ten sonra, dogrusal olmayan rejimde sirali olarak ¢alisan iki modu kullanarak
yaklagik beg yiiz nano parcacigi ayri ayri inceleyerek 20 nm altin nanoparcacik
numunesinin kiitle spektrumunu elde ettik. Burada kullanilan teknik sinirli bir
dinamik araliga sahip olan kii¢ciik nanomekanik yapilar i¢in kullanilabilir.

Anahtar sézciikler: NEMS, Dogrusal Olmayan Algilama , Altin Nano Parcaciklar,
Kiitle Spektrometrisi, Nano Parcacik Algilama, Nanomekanik Sensorler.
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Chapter 1

Introduction

1.1 Nanoelectromechanical System Resonators

Improvements in the fabrication of micro and nano scale structures have allowed
the development of nanoelectromechanical systems (NEMS). Particularly, NEMS
resonators have been used as exquisite sensors of physical stimuli thanks to their
high responsivity, fast response, and accessible actuation and detection. As the
size of a mechanical sensor shrinks, its responsivity increases. Combining this
advantage with low-noise readout schemes has enabled extreme sensitivity lev-
els to be achieved, such as the detection of electronic spins [3], single-atoms [4],
single-proteins [5, 6], nanoparticles [7, 8], and single-cells in liquid [9, 10]. A
novel sensing modality of NEMS technology for single-molecule analysis has been
discovered recently. It was shown that the spatial properties of analyte particles,
such as their size and skewness, can be extracted by using multiple mechanical
modes of a sensor [11]. Such multimodal measurements provide both size and
shape features, as well as the mass of the analyte. Furthermore, by merging dif-
ferent spatial features, an image of the analyte can be reconstructed. The new
technique, inertial imaging [11], transforms the capabilities of nanomechanical

sensors to a new level: the combined data of molecular mass, size and shape



of the analyte can provide previously unattainable insights in biomolecular an-
alytics. The technique can be used for any resonator system with well-defined
mode shapes: for instance, the electromagnetic analog of inertial imaging was

also demonstrated in a microfluidic environment using microwave sensors [12].

In the last decade, interest in the nonlinear dynamics of the nanomechanical
resonators has grown rapidly. Nonlinearity is readily available in these resonators
due to their small geometry and low dissipation [13]. Consequently, the study
of nonlinear behavior of nanomechanical resonators became a practical need to
understand the fundamentals of nonlinear dynamics and avoid or exploit it effi-
ciently when it is desired. Although nonlinear regime is easily achiavable with
nanomechanical resonators, unfortunately there is not much work done at nonlin-
ear regime on the contrary of linear regime. This is because linearity is easier to
understand and work on and there are already available softwares (such as Phase
Locked Loop (PLL) systems) for the linear resonators. However, advantages of

nonlinearity in NEMS resonatoras are yet to be discovered.

1.2 Mass Sensing with NEMS Resonators

Cantilever and doubly clamped beam structures are widely used as a nanome-
chanical resonators. Motion in these resonators can easily be modeled as a mass
spring damper system, which is explained in more details in Chapter 2. Thanks to
their high frequency and high quality factors, NEMS resonators are very sensitive
to external disturbances. In mass sensing, a single nanoparticle can be consid-
ered as an external disturbance. When a single particle lands on a resonator,
it causes a frequency shift at the resonance modes of the resonator (Figure 1.1)
depending on its mass, landing position, and geometry. These frequency shifts
can be detected with the highly sensitive detection methods, which are discussed
in Chapter 2. By obtaining the frequency shifts in multiple modes, it is possi-
ble to extract information about the single nanoparticle that lands on a NEMS

resonator [11].
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Figure 1.1: A single nanoparticle landing on a nanomechanical resonator causes
a frequency shift at the resonance frequency. This phenomena is used for mass

sensing.

Mass sensing aims to measure the molecular weight of a single nano particle.
At the nano scale, investigation of individual proteins and viruses have been an
important subject for characterization of different biological molecules. Although
NEMS resonators give a great promise to be used as a tool for single molecule
detection, the methods that are used for sensing have still been developing. Con-
troller systems that track the resonance frequency to measure the frequency shifts
due to single nanoparticles are very well developed for the linear response of the
NEMS resonators. However, there is not a convenient method developed for
sensing at nonlinear regime. In this work, we show mass sensing at the nonlinear

regime with the method that we have developed.

1.3 Thesis Outline

In this work, mass spectrometry with NEMS resonators working at nonlinear
regime is demonstrated for the first time. Chapter 2 gives a brief introduction

to NEMS technology and its mass sensing applications. Detailed information on



nanoelectromechanical resonators is provided. Fabrication process, mathematical
analysis of motion in these resonators, actuation and detection methods, and

finally the motivation for nonlinear sensing are explained.

Chapter 3 presents a robust method that is developed and used for the first
time for nonlinear sensing. The method is called Trajectory Locked Loop (TLL)
and designed to track the bifurcation frequencies at the nonlinear regime. It is
used to investigate the frequency fluctiations within the nonlinearity. Finally, it

is further developed for two mode mass sensing.

In Chapter 4, TLL is used for two-mode gold nanoparticle sensing and mass
spectra is obtained with a nonlinear resonator for the first time in literature.
Finally, Chapter 5 concludes and mentions possible future works. I would like to

pointout that the work done here is published in [14].



Chapter 2

Nanoelectromechanical
Resonators and Mass

Spectrometry Applications

2.1 Fabrication and Characterization of NEMS

Resonators

Top down fabrication tecnique is used for the fabrication of the doubly clamped
beam resonators. Stoichiometric LPCVD Nitride on Silicon Wafers purchased
from University Wafer for the fabrication of the devices used in the experiments.
Nitride stress provided by the wafer manufacturer is stated state as “Film stress:
> 800MPa Tensile Stress”. Nitride layer is 100 nm thick on a 500 micron silicon

base.

Fabrication step starts with 10mm x 10mm square wafer (Figure2.1a). 300
nm of bilayer PMMA 495 A4 and PMMA 950 A2 are spin coated on top of the
wafer (Figure2.1b). Pattern for contact pads and the electrodes on the beam
are patterned with E-beam Lithography. This process is performed in Sabanci
University Nanotechnology Research and Application Center (SUNUM). After

5



E-beam Lithography, PMMA dissolves as in the Figure 2.1c. In the next step,
100nm Au layer is deposited by thermal evaporation (Figure 2.1d). The wafer
is left in an Acetone solution for the lift-off process and PMMA is dissolved as
in Figure 2.1e. Next, PMMA is coated (Figure 2.1f) for the second E-beam
Lithography for the beam pattern (Figure 2.1g). 60 nm of Cu layer is deposited
by using E-beam Evaporation technique (Figure 2.1h). Cu layer is used as a
hard mask to protect the beam structure from following etching process. After a
second overnight lift-off of PMMA layer (Figure 2.1i), anisotropic Silicon nitride
etch is performed with Inductively Coupled Plasma (ICP) (Figure 2.1j). Nitride
etching is followed by isotropic Silicon etching with ICP to suspend the beam
structure as it is demonstrated in Figure 2.1k. In the final step ()Figure 2.11),
Cu layer is removed by wet etching by leaving the sample in Aluminuum etchant

solution for approximately 15 minutes. More details in fabrication is provided in
[15].

a b C d
I I R
e f g h
1 1 1
i i k |
s .
B Silicon M Nitride Gold PMMA [ Copper

Figure 2.1: Fabrication steps of the doubly clamped beam nanomechanical res-

onators.



Scanning electron microscopy (SEM) images of the doubly clamped beam res-
onator after fabrication is demonstrated in Figure 2.2. After the fabrication,

contact pads are wirebonded for ready to use.

Figure 2.2: (a) In our design, one chip has 9 devices in variety of lengths. (b) 1
device has 5 contact pads that are used for actuation and detection of the reso-
nance motion. (c,d) Bridge Silicon nitride resonator is demonstrated in different
angles. Gold electrodes at the clamped ends are designed to reach less than %5
of the beam’s total lenght not to disrupt the resonance mode shapes. White bar

represents 300,100,5,2 micron respectively.



2.2 Motion in NEMS Resonators

A NEMS resonator vibrating in one of its resonance modes can simply be modeled

as one-dimensional damped harmonic oscillator with a time-dependent drive force
F(t):

Wn

Qj:+wia::F(t)

T+

Here z(t) is the modal coordinate, w, is the resonance frequency of the n"
mode, and @ is the quality factor (dissipation) in the resonator. Dissipation
sources in the NEMS resonators has been investigated for many researchers and
some of the sources include clamping losses, thermoelastic damping, and damping
from surrounding fluids [1, 16]. Air damping is one of the well-known source
of dissipation, therefore we use our resonators preferably in ultra high vacuum
(UHV) environment ( 10~® Torr). While the quality factor is found around 10 in
the atmospheric pressure, in UHV environment it becomes 10000. The resonance
frequency(wy,) is mostly determined by the geometry, material, and the stress on

the structure.

Electromechanical transducers are used to convert the mechanical motion to
electrical signal and vica versa. In this way, the motion in NEMS resonator can be
actuated (F(t) can be adjusted) and also be detected. There is variety of available
nanomechanical motion transducers for NEMS resonator [1]. In this work, we
used thermoelastic actuation[17] and piezoresistive detection[18] methods for the

operation of our resonator.



Mechanical Mechanical
Stimulus Response

Electrical Output
Signal

Electrical Input
Signal

Mechanical
system

Figure 2.3: Transduction scheme of the NEMS resonator. Actuation and detec-
tion of the motion are obtained by the transducers which convert the mechanical

motion to electrical signal and vica versa.

Thermoelastic actuation (Figure 2.4) is used to access higher order modes of
the NEMS resonator. The principle of this actuation technique depends on the
fact that different materials have different thermal expansion coefficient. In our
case, these two different materials are the gold electrodes and the Silicon nitride
beam. When a voltage (V) is applied along the gold electrodes, it will create a
localized Joule heating. In this process, stress will appear between two different
materials due to different thermal expansions. As the heating is proportional to
the V2, the mechanical motion will take place at twice frequency of the frequency

of the drive voltage [1].
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Figure 2.4: (a) SEM image of the doubly clamped beam resonator used for
thermoelastic actuation and piezoresistive detection. (b) Materials are indi-
cated for the resonator. (c,d) Thermoelastic actuation scheme with AC drive
(a) and AC+DC drive(d). For the AC drive resonance condition is reached when
Warive = = and for the AC+DC drive; resonance is reached when wWgrive = wp.

(c) and (d) are recreated from [1]

Piezoresistive effect is simply defined as the change of electrical resistance due
to mechanical strain. Gauge factor (G - ratio of the change in resistance over
the strain) of the piezoresistive material determines the sensitivity for the motion
sensing. Overall, the relation between strain and the change in the resistance is

given as; % = (e(t). When the beam is vibrating at the frequency w, resistance
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of the gold electrodes change also with w (R(w)) due to the geometric effect
induced by strain. Mathematically, the resistance can be written both with a
constant and a dynamical term: Reectrose = Ro + ARcos(wt). There are two
common ways to generate a voltage to readout the small resistance changes in
the electrode. One way is to bias the resistance with a DC voltage and read
the signal at w frequency. The other way is to apply a AC voltage of the form
Viias = Veos((w 4+ dAw)t) and read the signal at Aw frequency [19].

bias

> l_g, NEMS .l_l it
Actuation g‘eeisf biaS T

tion
Electrode rode

HF2LI Lock-in Amplifier

€ @ Signal IN = €
d

2 drive signal
Signal OUT

Figure 2.5: (a) SEM image of the 20 pum doubly-clamped beam resonator used
in the experiments. The scale bar is 5 micron. (b) Actuation and detection
scheme implemented for the NEMS resonator are demonstrated. Simplicity of

the electronic circuit allows feasible experimentation of the proposed method.

In Figure 2.5, we used direct readout with the DC bias voltage for the detection
and actuated the motion with w, /2 drive signal. HF2LI Lock in amplifier allows
us to produce the actuation signal at w,/2 and also detect the motion at w,.
In Figure 2.6, these actuation and detection schemes are used to obtain first

resonance mode of the 20 um doubly clamped beam resonator.
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Figure 2.6: First resonance mode of the NEMS resonator obtained by thermoelas-
tic actuation and piezoresistive detection methods. (a) Amplitude and (b) phase
responses are measured with the HF2LI Lock in amplifier. Quality factor of the
given mode is calculated as 12000 while the resonance frequency is at 12.567 MHz.

2.3 Motivation for Mass Sensing in Nonlinear

Regime

Nanoelectromechanical Systems (NEMS) offer important advantages for mass
sensing applications. In the last decade, the detection of single proteins [5], mass
resolution at the atomic [20, 21] and near single-Dalton level [22], mass spectrom-
etry at the single-protein level [6], and mass measurements of neutral species [§]
have all been demonstrated. It was further shown that the information about
the spatial distribution of analytes can be obtained by using multiple modes
[11, 23]. More recently, the efficient transportation to and characterization of
virus capsids by NEMS sensors [24] have been reported. These advances suggest
that NEMS based mass spectrometry offers a competitive alternative to conven-
tional mass spectrometry especially for analytes with molecular weight above the

Mega-Dalton range.
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Two aspects of NEMS devices are critical for high mass sensitivity: device
miniaturization and the precise detection of the resonance frequency of the sens-
ing structure. The former provides a strong scaling for the responsivity of the
sensor [25] while the latter enables very small perturbations to be detected. How-
ever, certain limits are faced when optimizing both aspects. For example, if the
device thickness is decreased to increase sensitivity — such as ultrathin NEMS
26, 27] and graphene/carbon nanotube devices [22, 28, 29, 30, 31]— the linear
regime of operation shrinks for out-of-plane modes [2] (Figure 2.7. To preserve
a large linear range, the length of the device may be scaled down as well: how-
ever, this approach comes with severe downsides such as a decrease in the capture
cross-section of analytes and transduction efficiency, as well as, an increase in res-
onance frequencies which increases the parasitic background effects. For certain
geometries and systems [2, 32] even thermal fluctuations are sufficient to drive
the resonator into the nonlinear regime. This decrease in the dynamic range
prohibits the use of such device architectures since the common practice in the
field has been to keep the devices on resonance at the linear regime. To alleviate
this limitation, many studies have sought to increase the linear dynamic range
by suppressing nonlinearity [31, 33, 34, 35]. On the frequency detection aspect,
the trend in the field has been to increase the drive power to decrease frequency
noise and thereby increase the mass resolution. Although amplitude noise gets
converted to phase noise in the nonlinear regime and environmental-induced fre-
quency fluctuations increase with the increasing drive levels [36], sensing in the
nonlinear regime provides additional handles on the system. For instance, by
fine tuning the feedback parameters, reducing the total phase noise of the sensor
(with respect to the oscillator with linear resonator case) is still possible [37, 38].
Moreover, as smaller sensors generate smaller signals generally, the ability to op-
erate beyond the linear regime becomes critical to obtain a decent Signal-to-Noise
Ratio (SNR). For these reasons, operation at the nonlinear regime holds great

promise for sensing applications.
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Figure 2.7: (a) Nonlinear regime provides better signal and wider operational
range for NEMS resonators. (b)Linear dynamic range for several doubly clamped
beam resonators. The shaded region indicates the absence of a linear regime.

Figure is recreated from [2].

While the autonomous oscillator architecture offers excellent controllability
[38, 39, 40], it is not always possible to build an oscillator circuit with nanome-
chanical devices since the signal-to-background ratio is usually small especially
for smaller devices — making it difficult to satisfy Barkhausen condition only at
the mechanical resonance frequency. On the other hand, a nanomechanical res-
onator can be readily driven by a frequency generator: indeed, this architecture
is employed commonly in the form of open-loop frequency sweep or closed-loop
frequency-tracking systems such as Phase-locked loops (PLLs). Many of the work
in the past used the open-loop response of nonlinear resonators [41, 42, 43, 44], in-
cluding a recent technique for accurate characterization of frequency fluctuations
in the nonlinear regime [45]. However, continuously sweeping the frequency in the
open-loop cannot be applied effectively to the sensing of abrupt changes induced
by single analytes for two reasons. First, open-loop technique requires judicious
re-setting of the sweep parameters every time after a particle adsorption. Second,
each frequency sweep needs to comprise many data points for sufficient precision
which implies long sweep times: as such, the effective frequency noise increases

due to long-term drift effects. Another sweep based technique [44] has utilized
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an extended frequency span and fast sweep parameters to calculate the particle-
induced frequency shifts from the change in the amplitude response; however,
since this technique is not adaptive, the accumulation of analytes would eventu-
ally shift the device parameters outside the sweep region. At the MEMS scale,
the bifurcation sweep techniques near the amplitude jumps are reported [46, 47]
and the detection sensitivity in the nonlinear regime is shown to be advantageous
over the linear regime for mass detection of gas molecules [48]. Essentially, the
techniques developed so far have not been designed to track the frequency at the
nonlinear bifurcation point in an adaptive, closed-loop manner and have not been

used in single entity (nanoparticle/molecule) sensing.

Apart from the aforementioned issues in the closed-loop implementations, the
sensing applications of nonlinear resonators have so far focused on chemical sens-
ing in the gas phase [43, 48, 49, 50].Here, we have performed mass and position
sensing of single nanoparticles with the first two resonance modes by developing
a robust technique to track the resonance frequencies in the nonlinear regime.
We have achieved 107% Allan Deviation at about 1 second response time and
collected about 500 single nanoparticle events and obtained the mass spectra of

a 20 nm gold nanoparticle sample.
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Chapter 3

A Method for Nonlinear Sensing:
Trajectory Locked Loop (TLL)

The main ineffectiveness for the frequency tracking in the nonlinear regime comes
from the lack of a powerful and robust method like phase locked loop (PLL) that
is used for linear resonators. Although PLLs can conveniently track resonance
frequency in the linear regime, the sharp phase transition and bistable response
of nonlinear resonators (Figure 3.1c¢,d) prevent locking to a single phase at the
resonance. Therefore, the nonlinear regime is generally avoided for mass sens-
ing applications especially since performing a PLL does not look feasible in this

regime.

In this chapter, we introduce a robust technique to track the resonance fre-
quencies in the nonlinear regime, explain its working principle, and demonstrate

the method for two-mode sensing with nonlinear NEMS resonators.
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3.1 Introducing TLL

The device we used in the experiments is a 20 um long, 320 nm wide, and 100 nm
thick stoichiometric SiN device (with film stress of 800/ Pa) reported earlier[15].
In its linear regime, the phase response shows a sharp yet smooth transition
(Figure 3.1b) which can be used as the reference target of a PLL circuit. When it
is driven to the nonlinear regime though, it behaves as a Duffing resonator with
stiffening nonlinearity[13] and hysteresis emerges as two different branches are
observed depending on the sweep direction. The equation of motion becomes:

Wn

Qi+wix+ﬂx3:F(t)

T+

In our case, the Duffing nonlinearity (8z3) has a positive Duffing parameter
(8) meaning that nonlinearity assists the linear restoring force and makes the
resonator stiffer. Therefore, it is called stiffnening nonlinearity. More impor-
tantly, two sharp transitions (with theoretically infinite slope) in the amplitude
(Figure 3.1c) and phase (Figure 3.1d) are observed. The transition at the higher
frequency is denoted as fup when sweeping from left to right and the one at the
lower frequency is denoted as fdown when sweeping from right to left. As shown
before[45], these transition frequencies are related to the resonance frequency
and effective mass of the structure. Therefore, continuously tracking either of
these frequencies can be used to detect single particles landing on the structure.
However, an architecture based on sweeping the frequency with an open loop con-
figuration results in a slow response time and the corresponding Allan Deviation
degrades due to long-term drift effects. On the other hand, building a feedback

loop is very challenging due to the infinite slope at these transition frequencies.

To overcome this problem, we aimed to keep the sensor trapped inside the
hysteresis window of the phase response (Figure 3.1d) rather than locking to
a single phase. Boundaries of the hysteresis window are defined as the points
where the sharp frequency jumps (fu, and faown ) occur. At the upper boundary,
phase jumps from point C to D on the curve in Figure 3.1d, and at the lower

boundary phase jumps from point A to B. Therefore, any controller which tries
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Figure 3.1: Linear and nonlinear response of the NEMS resonator (a,b) In the
linear regime, a sharp phase transition is observed with the quality factor of 12000.
0° crossing in phase can be used as a reference target for PLL. The inset shows the
SEM image of a typical doubly-clamped beam resonator used in the experiments.
The scale bar is 3 micron. (c,d) The resonator acts as a ideal Duffing resonator
with a positive Duffing term when it is driven with larger excitations. Nonlinear
phase jumps are observed depending on the sweep direction (blue and orange
data points for the sweep from left to right and from right to left respectively).
fup and faown frequencies are defined at the boundaries of the hysteresis window.
In the colored area, the resonator shows a bistable response. 0° phase cannot be
locked with the PLL as it is in the unstable region of the nonlinear response.
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to be locked to a target phase at the sensitive jump frequencies cannot succeed
since noise would push the PLL out of the operation point. However, the jump
frequencies can be used for keeping the system circulating inside the hysteresis

window.

To understand the method, we consider the nonlinear resonator with the phase
response given in Figure 3.1d. We assume that there is a feedback controller
with the target phase at 0 degrees: none of the stable branches shown in Fig-
ure 3.1d contains this point: indeed, this point lies only on the unstable branch
of the resonator (not shown in Figure 3.1c-d), hence it is not accessible within
this measurement architecture. Therefore, the controller cannot keep the system
locked at 0 degrees: however, a different dynamic emerges under these conditions.
Whenever the phase has a positive value, the controller will increase the driving
frequency; and whenever, the phase has a negative value, the controller will de-
crease the driving frequency. For this reason, starting from a random point, the
controller will first push the system to the boundary of the window (i.e. until
when the drive frequency is either fup or fdown, depending on the initial condi-
tion). After passing through either of the jump frequencies (fup Or fiown), the
sign of the phase flips, therefore the controller action reverses automatically and
the system now starts traversing the other branch in the opposite direction. In
effect, the system continuously circulates within the hysteresis window (Figure
3.1d), automatically tracing the boundary defined by the two jump frequencies.
Although the control system is similar to the PLL, no phase is locked in this
system, therefore we cite the proposed method as a trajectory-locked loop (TLL)

for the convenience.

TLL can be used to analyze frequency fluctuations of the nonlinear bifurcation
points. During one cycle of TLL, it is possible to extract both the values of f,,
and fgown by looking at the sign of the derivative of the frequency with respect to
time (Figure 3.2a-b). As it is demonstrated in Figure 3.2b, f,, can be identified
as the point where the derivative changes sign from positive to negative and vice
versa for fiouwn. Figure 3.2c shows TLL operation in both phase and frequency
domains. The phase response of the nonlinear resonator passes through a similar

trajectory over time and keeps the system inside the hysteresis window as it can
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Figure 3.2: Trajectory Locked Loop (TLL). (a) The controller is adjusted for
highly sensitive measurements of bifurcation frequencies. Circle data points show
the frequency sweep steps which becomes denser while getting closer to the bound-
aries. (b) The one full cycle indicated with a red rectangle in (a) is maximized
and plotted with the corresponding phase response. It is possible to extract f_u_p
and fioun at the points where the phase jumps with a near infinite slope as they
are indicated with red circles. For the given case, notice that one cycle approxi-
mately takes 0.6 seconds which can is comparable with many of the PLLs used in
this field. (c¢) The projection of the TLL over time is displayed. It can be clearly
seen that TLL holds the nonlinear resonator inside the hysteresis window.
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be seen at the projection of the frequency-phase plane. Projection of the data
onto the phase-time plane clearly illustrates the phase jumps at the boundaries

of the bistable regime.

The speed and precision to estimate the frequencies at bifurcation points in
one TLL cycle depend on the controller architecture. Although the feedback con-
troller has the same purpose for TLL and PLL, as in both case controller tries to
be locked to a single phase, the control dynamic is different since the phase error
in TLL systems will always oscillate between high positive and negative values
due to phase jumps. Therefore, extra cautions should be taken for the design of
TLL controller. For example, the integration controller over phase error to de-
termine the frequency step which will be added to former drive frequency is used
to prevent offset in PLLs, it causes overshoots for capturing bifurcation points
for TLLs. If we consider the lower bound of one TLL cycle where the phase is
negative and the controller steers the frequency from right to left, the error will
accumulate with the integration controller action (with respect to phase error)
and just as the bifurcation point is passed, the accumulated error will still try
to keep the same controller direction (whereas the direction should change). The
same situation holds for the upper bound, consequently we found that the inte-
grative controller, an essential part of PLLs, causes overshoots on the frequency
measurements for TLLs. In order to increase the precision of the controller while
detecting the bifurcation frequencies, we used the threshold phase values at the
boundaries of the unstable regime (point C and point A in Figure 3.1d) for the
error calculation. The controller is designed to adjust the frequency changes pro-
portional to its distance from the boundaries of the hysteresis window, as evident
in Figure 3.2b. In other words, when the phase of the resonator comes closer
to one of the bifurcation thresholds, frequency steps between each sweep are de-
creased in order to reduce the offset error. Moreover, a larger step size while
the resonator is away from the jump points increases the speed of the operation.
In this way, accurate and fast measurements for f,, and fgoun are achieved. In
Figure 3.2a, these two frequencies are measured with an averaging time 600ms,
which is sufficient short to avoid drift effects. The speed of the TLL can be

adjusted for smaller integration times and we demonstrate TLL with 35ms loop
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time in the following subsection as I also provide more details on TLL operation.

3.2 Controller Design

TLL controller is similar to feedback controllers that are used for PLL. The main
difference is the change in the control dynamics as the phase error will always exist
and oscillate between much higher errors than in phase-locked systems. Therefore,
the feedback controller has to be adjusted by considering the nonlinear response

of the resonator.
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Figure 3.3: (a) Nonlinear phase response of the resonator is demonstrated with
the boundaries of the bistable regime. ¢, is the phase value right before the
jump takes place while sweeping from left to right and vice versa for ¢goun. (b)
Controller design for the TLL. ¢,, and ¢4ou» are used to adjust the total gain in
the system: gain is decreased when the phase response of the resonator is getting
closer to one of the thresholds, therefore frequency steps are also reduced for
more accurate measurement of the f,, and fgoun. NCO stands for Numerically

Controlled Oscillator.

The first step for the feedback controller of TLL is the determination of the

reference phase. As it is demonstrated in Figure 3.3a, any phase between the two
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jump points (¢up and Pgewn) is in the unstable region of the nonlinear resonator,
which cannot be observed experimentally, therefore can be used as a reference
phase (¢,.r) for trajectory locking. In our case, the reference phase is chosen at
the same distance from both threshold phases (¢rer — @down = Pup — Prey). Note
that one can adjust the reference phase to zero degrees by shifting the entire

phase response to simplify the error calculations.

The second step is to write the algorithm for the feedback controller which will
be used for the precise and fast measurements of the jump frequencies. Frequency
step size is adjusted via the controller design, therefore precision and speed will
depend on the controller’s skills. In our case, we adjusted our controller in a way
that frequency steps are bigger when the phase of the resonator is far from jump
phases and smaller when it is close to the jump points. Depending on the sign of
the phase error (¢err = Gnems — Gref), it is possible to determine the state of the
resonator on the hysteresis window (upper branch if the error is positive, lower
branch if negative). In our feedback algorithm, the sign of the phase error is used
to calculate the relative gain (k,.;) which adjusts the frequency steps for accurate

measurement of the frequencies at the bifurcation points (Figure 3.3a). k¢ is

defined as;

| Perror 0 nems — Pup kup
k’rel(¢err‘7¢nems) = { Zf¢ ~ ((b ¢ ) } .

otherwise (anems - ¢down>kd0wn

Proportional gain (k,) is also implemented to the controller architecture for
the continuous sweep operation. For example, when the phase response of the
resonator is equal to the bifurcation phase at the upper branch (¢nems = Gup),
phase error will sweep the resonator while relative gain will be equal to zero. At

the end frequency step is calculated in the following way; fstep = (Krer + kp) (Perr)-

From this algorithm, we can observe that k. plays an important role in ad-
justing frequency steps as it decreases while approaching one of the jump points
(Figure 3.3). Also, the algorithm we used here is just one example of the many

other practicable control algorithms, therefore we would like to point out that
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the same TLL operation can be achieved with different controllers.

The speed of the one cycle inside the TLL is determined by how fast the fre-
quency is swept between two jump points. As we increase the drive strength,
nonlinearity will be more pronounced and eventually, the distance between the
jump points will be widened. Therefore, while determining the control parame-
ters, we take the frequency range of the hysteresis window (the region between

fup and faoun) into account.

The speed of sweep operation depends on the frequency step size and the
instrument’s speed (in our case, HF2LI Lockin controlled via MATLAB API,
so there is also a communication time between computer and the instrument).
Frequency step size is adjusted via the controller design, therefore the speed will
mostly depend on the controller’s skills. Feedback controllers for PLL systems
are widely used and very well developed in the industry and in some cases, PLL
controller is embedded in the hardware (e.g. HF2LI-PLL option) resulting in
faster frequency tracking since it eliminates the communication between hardware
and software. As feedback controller for TLL is developed as a form of the PLL
controller, these fast PLL systems can also be used for fast TLL operation with
the wise selection of the PID parameters. In Figure 3.4, we demonstrate the TLL
operation performed with HF2LI-PLL option and in this case one loop completed
in 35 ms. Moreoever, the frequency shifts due to gold nanoparticles captured by

the TLL with 100ms loop time are demonstrated in Figure 3.4.

Substantially, it is easy to adjust TLL’s speed and precision with simple feed-
back control algorithms. In our case, we designed our feedback controller accord-
ing to our device and experimental conditions and adjusted the precision and

speed of the TLL for better mass resolution.

The resolution of the nonlinear sensing technique depends on the TLL’s pre-
cision of measuring the jump frequencies and the frequency fluctuations of the
jump frequencies. For the precision of TLL, since we know the phase value at
the frequency jump, feedback controller reduces its frequency step size while ap-

proaching one of the jump phases. For example, in the Figure 3.5, we zoom into
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Figure 3.4: (a) TLL performed with 35ms loop time. Red lines indicate the
recorded fyoun points and the black arrows are used to indicate the same time
interval between 2 measurements. (b) Frequency shifts due to gold nanoparticles
are captured with the fast TLL time (100ms).

one cycle of TLL (Figure 3.2b) in order to show the precision of TLL while mea-
suring f,,. In this case, we can observe that TLL controller reduces the frequency
step down to 4 Hz just before the phase jump. Now, knowing that actual f,, is
some value between these two frequencies (13279315 Hz and 13279319 Hz) sepa-
rated with 4 Hz, we can extract f,, from this information. One way to extract f,,
is to take the frequency data where the phase jump occurred (f,, = 13279319)
or take the average of these two frequencies and calculate f,, = 13279317 + 2
Hz. Either technique can be used since the measurement has error less than %
0.00003.

When we increase the drive strength, nonlinearity will be more pronounced
and eventually the hysteresis window will be widened. However, this can only
affect the speed of the TLL cycles rather than its precision for measuring the jump
frequencies, because although the hysteresis window is widened, phase response
will be similar and controller will do the same action by reducing the frequency
step size when the phase response is closer to one of the jump phases. Also,
when the hysteresis window widens, controller parameters can be adjusted to

prevent the redundant time for covering the large hysteresis range while making
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Figure 3.5: (a) One TLL cycle inside the hysteresis window, as it is also used
in Figure 3.2b in the main text. (b) Red rectangel in (a) is zoomed for better
realization of the small frequency step (4 Hz) just before phase jump.

no compromises from the precision of the measurement. For example, one way

to deal with this could be to define a new proportional gain constant relative to

/
up

example, let us consider ¢,, = 43 and the hysteresis window is 20kHz wide so
that when ¢,ens = 90, TLL has to cover 20 kHz range to reach to the upper

some phase value (¢! ) which is bigger than the phase at the jump point. For

jump point. We can pick %p = 50 and then write our algorithm to sweep the
frequency with larger step size till phase response reaches 50 degrees, and then

slow down till jump takes place. Possible algorithm would be:

fstep = kup(¢nems - ¢up) + k;p(¢nems - ;p) + kp(¢nems - ¢ref) .

Therefore, for the controller design we take the frequency range of the hystere-
sis window (the region between f,, and fou,) into account as we are mainly

interested in rapid and precise measurements of the jump frequencies.

Although TLL can easily be adjusted for precise and fast measurements of
jump frequencies, the resolution of nonlinear sensing deteriorates with increas-
ing drive strength due to increasing frequency fluctuations in the resonator. As

Maillet et al. observed a similar effect with the nonlinear resonators for longer
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time averaging of the jump frequencies, we explained our similar observations for

shorter integration times and we applied the method for mass sensing.

Using one of our devices we tested how TLL would behave with small signal
to background ratio (SBR) where the background is high. To simulate the back-
ground effect, we added a signal at w frequency to the drive signal (§). As the
mechanical motion is at w and so as the detection, insertion of other signal at w
increases our background. In Figure 3.6, we compare three different cases: (a)
no additional background is introduced to the system, signal (calculated from
the max amplitude of f,,) to background ratio is approximately 30 , (b) SBR is
reduced to 2 by increasing the background, (¢) SBR is reduced to 1. In all these
3 cases, we demonstrate the amplitude and phase responses of the resonator, and
at the bottom we show the TLL data. As the reviewer also points out, in the
case of a large background the phase jump is much smaller than the case with
no background. However, we observe that phase jump may be reduced but the
sharp transition still remains and the sharp phase transition is enough to perform
TLL operation. Controller can require an adjustment to increase the speed of the
TLL as the error will be smaller with the small phase transition, however, this
is just the change of the control parameters as the essential idea remains same.
Moreover, large background will also reduce the phase transition and SBR for the
linear regime which will also affect the PLL operation. In this case, increasing

the signal with nonlinear motion would be more useful to operate.
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Figure 3.6: Amplitude response, phase response and TLL operation are demon-

strated from top to bottom for three different SBR.

In conclusion, TLL is a convenient and practical method to track bifurcation
frequencies at nonlinear regime. TLL is fast as it can capture both bifurcation
frequencies with 35 ms loop time while the other open loop configurations [45]
result in more time (10 s) to capture a single bifurcation frequency. Close loop
controller architecture of TLL can be adjusted for fast and precise measurements
of the bifurcation frequencies which can be used for analyzing the frequency

fluctiations and mass sensing in nonlinear regime.
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3.3 Frequency Fluctiations in Nonlinear Regime

After showing that TLL can track the bifurcation frequencies, we further used it
to characterize the frequency fluctuations of the first two modes by calculating
Allan deviations in the nonlinear regime. The ability to operate in nonlinear
regime provides a wide-range of drive powers to be applied for the actuation of
the resonator. Therefore, we calculated Allan deviations of the first two modes at
different power levels in order to find the appropriate drive for the mass-position

sensing of 20 nm gold nanoparticles.

Frequency fluctuations are measured in nonlinear regime with TLL to confirm
its utility for the mass sensing and the Allan deviations are compared with the
measurements from linear regime with PLL. For the calculation of the Allan
deviations of jump frequencies with TLL, the jump frequencies are extracted
from each cycle of TLL, as it is demonstrated in Figure 3.2. By keeping the time
trace of these points (Figure 3.7), we calculated the Allan deviations for each
mode (Figures 3.8 and Figure 3.9). As each loop is completed within the same
time interval (with tolerable measurement error), this allows us to analyze the

frequency fluctuations with different integration times.
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Figure 3.7: (a) Jump frequencies (f,, and fiouwn) are extracted from TLL opera-
tion. (b) Time trace is captured with the frequency and then later used for Allan

deviation calculation.

The procedure is performed for the first two modes of the resonator and re-
peated with the different drive voltages (Figure 3.8 and Figure 3.9). The results
demonstrate that the fluctuations at the lower bifurcation point (fjow,) promises
favorable conditions for mass sensing comparable to the fluctuations at the linear

regime.
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Figure 3.8: Frequency instabilities for the first mode frequency in nonlinear regime
is investigated at different drive powers. The actuation voltage is increased from
(a) to (d). Allan deviations at the linear regime (dark grey line) are compared
with fluctuations at f,,(blue line) and fiou,(orange line). The nonlinear drive
voltage levels for a-d are: 75, 85, 95, 115mV respectively (half-omega drive is
used). We note that the cycle time of the TLL was 1 seconds; however, noise
statistics should be reported starting from 50ms averaging time scale as it is the
duration between each point within the cycle. With 50ms duration between each
point, the first data on the Allan deviation plot occurs for a 50ms averaging time
and a 950ms dead time. Owing to the overall white FM characteristics, the dead

time does not play a significant role.

31



a — b
+f::ear
5§ 107 [ “laom 5107}
T kS
) o
O 446! Q ;46!
- 10 - 10
o 8
< <
10”7 SR ' 1077 S ———
107" 10° 10" 10® 10° 107" 10° 10" 10% 10°
c xAvera‘ging Time(g) d Averaging Time(s)
107} i 5]
S §10
ks 8
3 10| 3
o 0107
C C
S S
< 107 SR ' <
-7 . . . .
10" 10° 10" 10® 10° 107707 100 10" 102 10°
Averaging Time(s) Averaging Time(s)
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(half-omega drive is used).
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3.4 Sequential TLL for Two Mode Sensing

As we want to use the nonlinear resonators for single nanoparticle detection,
we need to measure the analyte-induced frequency shifts of the first two modes
6, 51, 52]. However, exciting the two modes simultaneously poses a challenge,
since intermodal coupling [15, 53, 54, 55, 56|, which may interfere with analyte-
induced frequency changes, becomes more pronounced as the mode amplitudes
reach nonlinear regime. Thus, extra care is needed for two-mode sensing with
nonlinear resonators. To minimize the interference of coupling effects between
the modes, we use TLL sequentially as it is demonstrated in Figure 3.10. In this
method, as one full-cycle is completed inside the hysteresis window for the first
mode (meaning that f;, and fy, = are detected), another cycle starts for the
second mode (so that f,,  and fo, . are detected next). We note that, to avoid
time delays due to power switching between modes during the sequential TLL
operation, the inactive mode continues to be driven at the constant frequency
which is close to the end frequency of its previous TLL cycle. As the cycle
finishes at the lower bound, the inactive mode stays on the low-amplitude branch
while the active mode circulates inside its TLL cycle. Thus, the effect of the

intermodal coupling on the measurements is minimized.
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Figure 3.10: First and second resonance modes are tracked by TLL sequentially
in order to minimize coupling between two nonlinear modes. After one mode

completes the one full cycle inside the hysteresis window, the other mode is
driven by TLL.
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Chapter 4

Single Nanoparticle Sensing in

Nonlinear Regime

4.1 Experimental Setup

We used thermoelastic actuation [17] and piezoresistive detection [25] techniques
for the dynamic characterization of the doubly clamped SiN beam resonator as
they are explained in Chapter 2. Fabrication process of the resonator is also
explained in Chapter 2. HF2LI Lock-in amplifier is employed to the experimental
setup for generating the actuation voltage and reading the detection signal by
internal referencing. Matlab is used as a programming interface for the control of
the lock-in amplifier which then configured to implement controller for PLL and

TLL. Matlab codes are also provided in the Appendix.

The resonator is placed inside the vacuum chamber (Kurt Lesker) which is
pumped down the pressure approximately 1z10~% Torr. All the experiments
are conducted at room temperature (24°C). For the molecule delivery, Matrix
Assisted Laser Desorption/Ionization (MALDI) is used. In this method, the
target with the matrix compund is bombarded with the laser source which excites

the spot with energy. As a result of this, desorption occurs and molecules fly
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throught the target area [57].

For the MALDI system of the 20 nm diameter gold nanoparticles, similar
technique is used with the earlier work [21]. Experimental setup is demonstrated

in Figure 4.1.

Motorized
XY Stage

STEPPER
MOTORS

Cryostat

Resonator
-
MALDI Samp]

CRYOSTAT E

&
_ -

Laser 337 nm

== Lens 200 mm

MALDI experimental
setup schema

Figure 4.1: (a) Schema of Experimantal setup from top view. (b) Photograph of
the experimental setup used for MALDI of gold nanoparticles.

For the MALDI experiments with nonlinear NEMS resonators, as a first step,
commercially available 20 nm Gold Nanoparticle (GNP) solution from Sigma-
Aldrich (Product No: 741965) was dripped on a thin (200 micron) glass slide and
left to dry. After the solution dries out, the glass slide is placed into vacuum
chamber. Then NEMS resonator is mounted on a flow cryostat and placed into
vacuum chamber. The glass slide and the NEMS resonator faces each other inside
the vacuum. The mounter which holds the glass slide is connected to the stepper
motors from outside the vacuum chamber which enables us to move the glass in
x and y directions. In this way, we can scan over the glass while the laser is kept
fixed at the point close to the resonator. For the MALDI operation, we used NL
100 nitrogen laser (Stanford Research Systems). IT has 337 nm wavelength and
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176 micro Joule per pulse laser energy. To inrease the focus at a single point,
laser focusing lens is mounted in front of the laser beam shutter. Moreoever, laser
is places on XYZ micrometer stage to adjust the laser beam towards NEMS for

successful MALDI operation.

4.2 'Two Mode Sensing with Sequential TLL

The frequency shift caused by an analyte is expected to be larger in the nonlinear
regime than its counterpart in the linear regime [45, 58]. However, the normalized
frequency shift (absolute frequency shift over the resonance frequency) due to an

analyte is expected to be the same in both cases.

The bifurcation frequency at the higher amplitude is defined with the curve;

L a, : :
fup = Jo (1 + —(&)2) where a,. is the resonance amplitude at the onset of

V3Q " ac
the nonlinearity, fo is the linear resonance frequency. Let’s define the f as the
updated linear frequency after a single nanoparticle adsorption. Assuming the

quality factor (Q) and a. will stay constant after the particle, then we can write:
= o

In order to verify this equality, we have built a measurement system to sequen-
tially switch between the linear and nonlinear operations, therefore the frequency
shifts from the same nanoparticle can be directly compared with each other. We
continuously switched between TLL and PLL to observe the nonlinear and linear
frequency shifts for a single nano particle (Figure 4.2). In addition, we calcu-
lated the fractional shifts for the 10 events in Figure 4.3. The frequency shifts in
nonlinear and linear regime demonstrated a good agreement within the measure-
ment uncertainty as it can be seen from the fy,,, measured by TLL follows the

PLL path in Figure 4.2b. Although frequency shifts in the nonlinear regime is

2

expected to be larger than the shifts in the linear regime with % (aw ) , for our
aC

case with very high Q (about 12000), this difference stays below the noise level

of frequency measurements.
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Figure 4.2: Comparison of nano particle induced frequency shifts in nonlinear
and linear regime. (a) PLL and TLL are performed consecutively by sequentially
switching between the operation regimes. PLL time is set to approximately 4s
(shaded green) while the TLL is performed for one full cycle of the first and second
mode (shaded grey). (b) While driving the resonator with these technique, 20 nm
gold nanoparticle induced frequency shifts are captured for the first two modes
of the resonator in linear (solid lines with black (first mode) and purple (second
mode)) and nonlinear regime (circle data points with blue (first mode) and orange
(second mode)) via PLL and TLL respectively. The TLL frequency jumps are

calculated by considering the lowest data point in each cycle, which corresponds

to fdown .
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ode econd ode
Nonlinear Linear Nonlinear Linear
Fractional Fractional Percentage Fractional Fractional Percentage
Shifts(x10~*) | Shifts(x10~*) [ Difference | Shifts(x10~*) | Shifts(x10™*) | Difference
1 -0.1642 -0.1523 7.25 -0.3519 -0.3482 1.05
2[ -0.2682 -0.2702 0.75 -0.5126 -0.5058 1.33
3] -0.1068 -0.1037 2.90 -0.4012 -0.4080 1.69
4| -0.1077 -0.1161 7.80 -0.1573 -0.1569 0.25
5[ -0.3057 -0.3096 1.28 -0.1628 -0.1621 0.43
6 -0.0631 -0.0689 9.19 -0.2102 -0.2177 3.57
7 -0.4110 -0.4062 1.17 1.1031 1.1001 0.27
8 -0.3511 -0.3574 1.79 -0.4710 -0.4860 3.18
9 -0.3468 -0.3455 0.37 -0.0925 -0.0983 6.27
10| -0.3104 -0.3095 0.29 -0.0699 -0.0667 4.58

Figure 4.3: Single nano particle induced fractional frequency shifts are obtained
in nonlinear regime by measuring the shifts in fy,,,, and they are compared with

the linear fractional shifts for the same particle as it is observed in Figure 4.2

As expected from the theory, the fractional frequency shifts measured by both
techniques had resulted in essentially the same values within the measurement
uncertainty. Once the feasibility of the technique is thus established, we have
used our sensor to characterize the 20 nm GNP solution. Mass spectrometry
of the individual gold nanoparticles is performed by using matrix-assisted laser
desorption ionization (MALDI) method [6] , also explained in the previous section.
Figure 4.4 demonstrates the snapshot of the two-mode sequential TLL data during
the MALDI deposition of gold nanoparticles. Although it looks very similar to
the PLL data at first glance, inset discloses the curved TLL data traces.

39



LY
AT

s

H

Frequency Shifts(kHz)
3

T

W |
0 500 1000 1500 2000
Time(s)

Figure 4.4: Gold nanoparticle (GNP) sensing with Sequential TLL. The frequency
shifts due to individual GNP deposition. Each GNP adsorption causes frequency

shifts in both modes, which emerge as sudden shifts in the trajectories (inset).

4.3 Mass Spectrometry of 20nm Gold Nanopar-

ticles

For the validation of the proposed method for mass sensing, we used normalized
frequency shift of the lower bifurcation point (fj,.,) since it has a smaller noise

level (as expected from [45] and also shown in Chapter 3). As the normalized
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frequency shifts in nonlinear regime are shown to be same with the linear sens-
ing, the earlier formulation for converting two-mode frequency shifts to the mass
and position values [6], 40 may directly be reused in this case. In Figure 4.5, we
present mass spectra for 500 gold nanoparticles with a nominal diameter of 20
nm (12% dispersion in size) obtained by projecting the individual mass distribu-
tions onto the mass and diameter planes. For the mass measurements, the peak
with maximum probability density is found at 57.25 MDa which corresponds to
a diameter of 20.84 nm. The mean value of the gold nanoparticle sample is mea-
sured as 26.14 nm with a standard deviation of 5.73 nm. As evident from the
mass spectrum, as well as the SEM image shown in Figure 4.6, a small portion
of the nanoparticles have coalesced either in the solution or on the MALDI plate.
For this reason, the mass distribution shows a fat tail with a few outliers on the
high-end of the spectrum with a combined effect of shifting the statistical average

of the mass distribution to a value higher than the nominal value.

QO
o

%1073 %1073

Unit Probability

0 100 200 300 400 500 0 10 20 30 40
Mass(MDa) Diameter(nm)

Figure 4.5: (a) Mass spectrometry of 20 nm gold nanoparticles. (b) Diameter
is calculated with the bulk density of gold (p4, = 19.3g/cm®). Orange-shaded
regions illustrate the detection criterion due to frequency fluctuations of the non-
linear resonator used in the experiments (by assuming the responsivity of the first

mode and considering a particle landing at the very center).
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Figure 4.6: SEM images of the 20 micron doubly-clamped beam resonator used

for nonlinear mass spectra before (a) and after (b) MALDI process of the gold

nanoparticles. Scale bar is 5 micron.

We also note that another advantage of using nonlinear resonators for mass
sensing is to increase the maximum measurable frequency shifts compared to
PLL. In PLL, frequency shifts larger than half the bandwidth of the resonator
induces a phase response outside the resonance feature and causes the controller
to lose the phase-locking and frequency traction since in this case the system is
translated outside the smooth phase-frequency transition, and the control action
is determined by the noise/background at that point, which means that there is no
guarantee for phase-locking. In earlier experiments, e.g. with carbon nanotubes,
such occurences were observed [22]. For the TLL however, the acquisition range
for the controller is augmented by the width of the hysteresis window. Therefore,
the maximum measurable mass increases as the sensor is operated deeper inside
the nonlinear regime increases. Although the noise floor also increases in this
regime, the dynamic range for mass detection (maximum/minimum detectable
masses) keeps increasing. Actually, the largest events in the mass spectra would
not have been measurable with a PLL, as the induced frequency shifts were
larger than the linear bandwidth of the sensor. TLL provides the freedom to

increase the maximum measurable mass (mass ceiling). TLL cycles through the
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hysteresis window, which can be made very large by increasing the drive power.
For instance, in our TLL GNP data, there are events with very large mass values:
such frequency shifts would have kicked a PLL out of its acquisition range which
is half of the bandwidth of the resonator.
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Figure 4.7: Dynamic range comparison between linear and nonlinear regime for

mass sensing with PLL and TLL.

In order to compare the mass spectra in the linear regime with the spectra in
the nonlinear regime, first we tried to perform MALDI with two-mode simulta-
neous PLL with the same 20 micron long device. However, the device has small
bandwidth (1kHz) in its linear regime which caused phase locked loop system to
fail for the analytes that induces a frequency shift larger than half of the bandwith
(2%) In this case the system is translated outside the smooth phase-frequency
transition (Figure 3.1b), and the control action is determined by the noise/back-
ground at that point, which means that there is no guarantee for phase-locking.
Figure 4.8 demonstrates the failed PLL for the first mode due to large particle

landing.
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Figure 4.8: An instance when the first mode PLL fails due to a large frequency
shift around ¢t = 7s. (a) PLL simultaneously tracks the first and second mode
frequencies in the linear regime. Arrow indicates the moment when the particle
lands. Second mode PLL stays phase locked while the first mode PLL fails. (b)
Phase response during PLL. After failure for the first mode, phase response is

kicked out of the resonance phase transition which results in high errors.

Figure 4.9 shows some of the large frequency shifts that would have kicked
PLL out of locking range but were successfully detected by the TLL.
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Figure 4.9: Two different instances where TLL detects frequency shifts much
larger than the linear bandwidth of the resonator, for the (a) first, and (b) second

modes.
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In order to avoid this issue, we had to use a slightly different resonator (one
with a smaller Q) so that the larger GNPs will not kick the PLL out of the lock-in

range.

Mass spectrum of the same GNP sample was also obtained with a NEMS
working in the linear regime under PLL in Figure 4.10. Both techniques resulted
in very similar mass spectrum graphs. The sample mean and standard deviation
in each case were very similar (Figure 4.11). Same gold nanoparticle solution is

used for both experiments.
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Figure 4.10: Nonlinear and linear mass spectrum are compared. Nonlinear data
is the same with the Figure 4.5. Mass spectra (a) and diameter spectra (b) with

the assumption of bulk gold density are provided.

Technique Mean diameter < r > Standard Deviation in diameter, o
Linear PLL 24.5nm 5.69 nm
Nonlinear TLL 26.1nm 5.73 nm

Figure 4.11: Results from linear and nonlinear mass spectrum.
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Chapter 5

Concluding Remarks

In this thesis, we present a rapid and accurate method with a feedback controller
for trapping the nonlinear resonator alongside the regime of bistability (TLL).
By this technique, we can conveniently and precisely track the bifurcation fre-
quencies. Later, we use TLL to characterize the frequency instabilities at these
bifurcation points for different averaging times by calculating the Allan devia-
tions. Unlike the linear dynamic range, the nonlinear region does not restrict the
amplitude of the resonance at critical amplitude, therefore we further analyze the
frequency fluctuations at much larger amplitudes. After we adjust the control
and nonlinearity parameters for the nonlinear resonator, we test the feasibility of
TLL for the single particle sensing. Results validate that TLL shows a remark-
able performance for determining the frequency shifts due to adsorbed particles,
therefore can be used for mass spectrometry applications within the nonlinear

regime of the NEMS resonators.

Nonlinearity in NEMS resonators has long been acknowledged as a resource,
however, its usage in sensing applications has generally been avoided due to the
complexity of feedback circuits. Whereas, PLL systems have provided a means for
frequency tracking of linear resonators rapidly which was absent in the nonlinear
region until now. We demonstrated that a feedback controller similar to PLL

—but circulating between two points rather than locking onto a point— can be
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used for reliable frequency tracking in nonlinear response.

NEMS resonators have been shrinking in size— a trend which will result in
a reduced, and even nonexistent, linear dynamic range. The performance of
inherently nonlinear resonators for single particle and molecule detection is still
unknown due to the lack of robust techniques for enabling nonlinear frequency
tracking. Our method can be deployed on such systems rather effortlessly and
help us further analyze the potential of nonlinearity in NEMS sensors. Moreover,
the applicability of the method is not limited with the mechanical resonators as

it can be adjusted to any Duffing resonator.
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Appendix A

Matlab Code for TLL

% PLL with HF2LI

% Allan deviation analysis with different drive amplitudes

clear

device = 'dev13377;
drive_amp = 0.06;
for i = 1:length(drive_amp)

filename = strcat( num2str(drive_amp(i)),

’_1stmode_belowatm .mat’);

95



ziIDAQ(’setDouble’, 7/dev1337/sigouts/0/

amplitudes /17, drive_amp (i));

% [phase_up, phase_down, kp| = adjust_phase ();

phase_up = 48;

phase_down =-—15;

nemsl = ziDAQ(’getSample’,[’/’ device
/sample ']);

kp =700;

error = 0;

total_error = 0;

f_start = nemsl.frequency/2;

tc = 10e—3;

f_old = f_start;

index = 1;
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t_count =0;

while (index < 28000)

nemsl = ziDAQ(’getSample’,[’/’ device ’/demods/
0/sample "] );

[phasel rl|=cart2pol(nemsl.x, nemsl.y);

error = phasel;

phasel=57.2957795%xphasel ;

total_error = total_error + error;

if phasel > 0

f new = (0.8xerrorxkps*abs((phase_up—phasel)/phase_up)
+ total_errorxki) + f_old;

else

f_ new = (errorxkpxabs((phase_.down—phasel)/phase_down)
+ total_errorxki) + f_old;

end

ziIDAQ('setDouble ’, 7/dev1337/oscs/0/freq’, f.new);

pause (tcx2);
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f_old = f_new;

f(index) = f_ new;
t (index) = nemsl.timestamp;
r(index) = rl;

phase (index) = phasel;

index=index+1;

end

f=double (f);

t =double(t);

r=double(r);

phase=double (phase );

poll_data = [f ; t ; r ; phase];

save (filename ,’ poll_data ’);

end
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Appendix B

Matlab Code for Sequential TLL

% PLL with HF2LI
% GNP Sensing with Sequential TLL

clear

device = ’dev1337 7;

nemsl = ziIDAQ(’getSample’ [’/ device ’
/demods/0/sample '] ); % First mode

nems2 = ziDAQ(’getSample’ [’/ device ’
/demods/2/sample '] ); % Second mode

errorl = 0;

fl_start = nemsl.frequency/2;

f2_start = nems2.frequency /2;
tc = 10e—3;

fl_old = fl_start;
f2_old = f2_start;
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indexl = 1; index2 = 1;
t_count =0;

while (indexl < 45000)

% First Mode starts beyond fl_up
% After 2 jumps occur, second mode TLL starts

jumpsl = 0;

dummy_old = —1;

while (jumpsl<2)

nemsl = ziDAQ(’getSample’ [’/ device ’/demods
/0/sample "] ) ;

[phasel rl]=cart2pol(nemsl.x, nemsl.y);

errorl = phasel;

phasel = 57.2957795*phasel ;

if phasel > 0

fl new = errorlskp*abs((phase_up—phasel)/phase_up)
+ f1_old;

dummy new = 1;

else

f1 new = errorlsxkpxabs ((phase_.down—phasel)
/phase_down) + fl_old;

dummy_new = —1;

end

if (dummy_old + dummynew — 0)
jumps = jumps+1;

end

ziIDAQ(’'setDouble’, ’/dev1337/oscs/0/freq’, fl_new);
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% pause (tc*1);
fl1_old = fl_new;

dummy_old = dummy_new;

f1(index1l) = fl_new;
t1(index1l) = nemsl.timestamp;
rl(indexl) = rl;
phasel_write(index1) = phasel;
indexl=index1+1;

end

% Second Mode starts beyond f2_up
% After 2 jumps occur, first mode TLL starts again

jumps2 = 0;
dummy_old = —1;

while (jumps2<2)

nems2 = ziDAQ(’getSample’ [’/ device ’'/demods/2/sample’]);
[phase2 r2]=cart2pol(nems2.x, nems2.y);

error2 = phase?2;

phase2 = 57.2957795%phase?2;

if phase2 > 0

f2_ new = error2xkpxabs((phase2_up—phase2)/phase2_up)
+ f2 old;

dummy new = 1;

else

f2_ new = error2xkp=xabs((phase2_down—phase2)
/phase2_down) + f2_old;

dummy new = —1;

end
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if (dummy_old + dummy new — 0)
jumps = jumps—+1;

end

7ziIDAQ('setDouble ’, 7/dev1337/oscs/1/freq’, f2_new);
pause (tcx1);
f2_old = f2_new;

dummy_old = dummy_new ;

f2 (index2) = {2 _new;

t2 (index2) = nems2.timestamp;
r2 (index2) = rl;
phase2 write (index2) = phase2;
index2=index2+1;

end

end

fl=double ({1 );

t1 =double(t1);

rl=double(rl);

phasel_write=double (phasel_write );
f2=double (2 );

t2 =double (t2);

r2=double (12 );

phase2_write=double (phase2_write );
poll_data = [fl ; t1 ; rl ; phasel_write;
f2 ; t2 ; r2 ; phase2_write];
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