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ABSTRACT

NANOMECHANICAL BUCKLING FOR
APPLICATIONS IN NONLINEAR DYNAMICS

Berke Demiralp
M.S. in Mechanical Engineering
Advisor: Mehmet Selim Hanay
July 2021

There has not been enough attention on post buckling behavior at nano scale
even though it reveals rich nonlinear and chaotic dynamics and has potential
to be used on cutting edge sensing, actuation, computation and communication
applications. Here, full motion of the nanomechanical buckling, starting from un-
buckled position to large deformations at post buckling regime has been precisely
measured with error bars of 7 nm for large deformation regime and +2.8 nm for
initial bending, with a noise floor of 38.5 pm/ VHz. Line mode of SEM is used
for deflection detection which uses secondary electrons collected from sample and
relevant code is developed for data processing. Initial bending, initial buckling
and inflection point are well defined which can help us to understand transition
to post buckling regime and development of sensors and actuators. Additionally,
one well oscillation, double well oscillation and chaotic trajectories are investi-
gated using the system as forced double well oscillator. Trajectory plotting is
performed with an image processing code which benefits from contrast difference
of the device and environment. A new region within double well oscillation regime
is observed where motion converts from one well oscillation to double well oscilla-
tion which could be a candidate on mechanical computation and communication
applications. Also, a preliminary design for synchronized chaos experiments using
the same buckling platform is developed.

Finally, an optomechanical experimental setup and chip is built for measure-
ment of one or multiple NEMS beams. Fiber optic techniques are used for exper-
imental setup and grating couplers, ring/racetrack resonators are developed for
beam measurements. Critical couplings on multiple devices are observed.

Keywords: NEMS, Buckling, Chaos, Chaotic Dynamics, Optomechanics.
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OZET

DOGRUSAL OLMAYAN DINAMIK UYGULAMALARI
[CIN NANOMEKANIK BUKULME

Berke Demiralp
Makine Miihendisligi, Yiiksek Lisans
Tez Danigmani: Mehmet Selim Hanay
Temmuz 2021

Nano boyuttaki biikiilme sonrasi davranisa, zengin, dogrusal olmayan ve
kaotik dinamikleri ortaya cikarmasina ragmen ve ileri teknoloji 6lctim, hareket,
hesaplama ve iletisim teknolojilerinde kullanilma potensiyeli olmasina ragmen
yeterli onem verilmemistir. Burada, biikiilme oncesi durumdan, biikiilme son-
rast alandaki biiyiik biikiilmelere kadar olan nano mekanik kirigin tiim hareketi,
biiyiik biikiilmeler icin £7 nm ve baslangic egilmeleri icin +2.8 nm hata
paylr ve 38.5 pm/ VHz giiriiltii taban seviyesi ile hassasiyetle Olciilmiigtiir.
Biikiilmeleri algilamak i¢in numuneden ikincil elektronlar: toplayan taramali elek-
tron mikroskopunun ¢izgi modu kullanilmigtir ve data isleme adina uygun bir
kod geligtirilmigtir. Biikiilme sonrasi gecisi anlamamiza ve sensor ve hareket
tinitelerini olugturmamiza yarayan baglangic egilmesi, baslangic biikiilmesi ve
dontim noktasi diizgiince tanimlanmistir. Bununla birlikte, sistemi, kuvvet
barindiran iki kuyulu osilator olarak kullanarak, tek kuyu sallantisi, iki kuyu
sallantis1 ve kaotik yollar incelenmistir. Yollar, cihaz ve g¢evresinin parlaklik
farkindan yararlanan bir goriintii isleme kodu ile elde edilmistir. Iki kuyu bolgesi
arasinda, tek kuyu sallantisindan iki kuyu sallantisina gegis yapan gegis yapan
ve mekanik hesaplama ve iletisim uygulamalarina aday olabilecek yeni bir bolge
tespit edilmistir. Aym zamanda, ayni nano mekanik biikiilme platformu kul-

lanilarak senkronize kaos deneyleri i¢in bir 6n model geligtirilmistir.

Son olarak, bir veya birkag NEMS kiriginin ol¢iimi i¢in optomekanik deney
diizenegi ve yonga insa edilmistir. Deney diizenegi icin fiber optik teknikleri kul-
lanilmug, kirig 6lgiimleri igin 151k kirimim 1zgaralari, halka/yarig pisti rezonatorleri

geligtirilmigtir. Birkag cihazda kritik 151k donglisii gozlemlenmigtir.

Anahtar sozcikler: NEMS, Biikiilme, Kaos, Kaotik Dinamikler, Optomekanik.
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Chapter 1

Introduction

Nanoelectromechanical systems (NEMS) are devices which are composed of cou-
pled mechanical and electronical elements, having sub-micron dimensions. NEMS
were initialized with studies done at 1996 and are commonly used as sensors,
actuators and transducers in many fields due to their integrability to diverse ap-
plications [1-5]. NEMS also provide high quality factors [6,7] and large scale
integration possibility [8]. Reduction in the size of NEMS enabled researchers to
detect single molecules [9] as well as individual protein macromolecules in real
time [10]. With superposition of the modes, spatial distribution of a mass was
demonstrated [11,12]. Additionally, NEMS have been used on memory, switch-
ing and computational applications [13-17], some extending their operation to

extreme environmental conditions where digital electronics fail [18,19].

Although post buckling behavior opens avenues for applications such as trans-
duction, computation [20] and investigation of rich nonlinear dynamics, a little
attention has been paid to it in the past. Buckling at nano and micro scale has
mostly accomplished with pre-stressed beams [21,22] which restrains full control
of the motion or by thermally, which results as significant heating and power
consumption [23,24] making those systems hard to integrate on large scale and
use them in technological applications. In a recent study, researchers built a

NEMS based nano buckling platform which enables precise tuning of the motion,



starting from unbuckled position to large deformations at post buckling regime,

without generation of the significant heat [25].

NEMS also enable optical integration and operation due to their size. Some
applications include actuation [26], transduction [27] and sensing [28-31]. As a
branch of sensing, ring/racetrack resonator combination is commonly used not
just in nano beam sensing but also in chemical and biological sensing [32-36].
Combining nano dimensional structures with optics, researchers also achieved
measurement imprecision levels that can enable detecting quantum phenomena
in mechanical beams [37] and cooled down the mechanical beam into its ground
state of motion [38]. Similar system has also potential to be used at optome-
chanical entanglement [39] and communication applications [40]. Manipulating
waveguides mechanically was also a method for quantum communication appli-
cations [41]. Additionally, by deflecting mechanical structures, phase shifting of
light was achieved [42].

In the present study, by using the same nanomechanical buckling platforms
from the reference [25], motion of the beam is measured, starting from unbuckled
position to large deformations at post buckling regime. Having a precise measure-
ment with low error bars and low noise floor level at large deflections is critically
important to further investigate the parameters of buckling to use those devices
in technological applications such as actuators, transducers, and mechanical com-
puters. Those parameters include but not limited to the initial bending, point
where initiation of buckling starts, inflection point where second derivative of the
trajectory is zero and spring softening occurs. An experimental procedure and
data analyzation method is developed to ensure low error bars and noise floor
level. Secondary electrons are collected from the device under SEM to measure
deflection and a code is built to detect it. Error bars as low as +7 nm for large

deformation regime and £2.8 nm for initial bending were detected with a noise
floor of 38.5 pm/vV H z.

The aim of the first part of present study is to build the foundation and
understand the system’s static and dynamic behavior for the ERC project with

the content of designing buckling actuators for bringing MW probes close to



cellular surface for single and sub cellular sensing applications.

Additionally, chaotic dynamics, small and large oscillations of the beam are
investigated at post buckling regime under SEM and trajectory is constructed
by an image processing code. Since post buckling regime can be expressed as
double well, voltage is applied to the buckled beam to show outcomes of forced
double well oscillator. Strong evidence of chaotic trajectory, double and one well
oscillations are observed. Also, an additional unexpected trajectory is observed
which starts its oscillation at one well, then converts that motion to double well
oscillation. Further, by decreasing the voltage it is found that probability of

double well oscillation increased and time takes at one well oscillation is decreased.

Finally, series of ring and racetrack resonators are developed for single or
multiple NEMS measurements. Grating couplers and waveguides are used to
couple light from fiber to chip and to the ring resonator, respectively. A custom
made low cost tilt stage is added to commercial XYZ stage which gives a larger tilt
option than commercial devices. Several couplings are observed within resonators
with some of them being critically coupled with a quality factor more than 1300

at room temperatures and pressures.

1.1 Thesis Outline

Chapter 1 gives a brief review of the recent studies at NEMS and their ap-
plications. Additionally, studies on combining light with NEMS structures is

presented. Then, the work performed in this thesis is explained.

Chapter 2 explains the nanomechanical buckling architecture and its manu-

facturing process.

Chapter 3 starts with explaining the line mode measurement which can be
performed under SEM. Then, deflection measurement experiment is detailly pre-

sented including the setup, experimental procedures, data analysis and results.



Chapter 4 includes forced double well experiments on nanomechanical buckling
platform. In the beginning, bifurcation, double well analogy and their relevancy
to the platform is explained. Then, experimental setup, procedures, data analysis

and results are detailly presented.

Chapter 5 explains developing ring/racetrack resonators for NEMS and buck-
ling deflection measurements. It starts with the waveguide - ring resonator model
and derivation of coupling equations. Device architecture, fiber preparation and
alignment procedures are also explained. Experiment setup, experimentation and
results are presented at the end. Resonators built in this chapter could be used for
sensing buckling deformation with higher sensitivity compared to the line mode

measurements which were discussed at Chapter 3.

Chapter 6 includes conclusion and the future work.



Chapter 2

Architecture and Manufacturing

of the Buckling Device

MOVABLE
STATIONARY COMBS STATIONARY
COMBS COMBS

TOP LEFT TOP RIGHT
SIDE GATE SIDE GATE

BOTTOM LEFT BOTTOM RIGHT
SIDE GATE SIDE GATE

Figure 2.1: Device under optical microscope. Figure 2.2 is the section in the
white rectangle.
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Figure 2.2: Buckling device under SEM.

The device is composed of two comb drive actuators, four side gates, a doubly
clamped beam, electrical guides and contact pads. Voltage connections to contact
pads are made by wire bonds from golden pads (Figure 2.1) to custom built PCB
(Figure 2.3).

Figure 2.3: PCB with wire bonded device on it.

As voltage difference is applied to comb drive actuators a compression force is

exerted on the beam. If the applied force exceeds the critical buckling force, the



beam buckles either to the left or to the right. Critical buckling force is calculated
as 290 nN, by taking Young’s Modulus as 167.5 GPa and beam width, thickness
and length as 150 nm, 250 nm and 40 pm, respectively. Parameters of the comb
drive actuators are listed at Table 2.1. For calculation of the parameters, check

the reference [43].

Length 4 pm
Width 500 nm
Thickness 250 nm
Distance between fingers 500 nm
Number of fingers (movable comb) 16
Number of fingers (stationary combs) 17

Table 2.1: Parameters for comb drive actuators.

Side gates are used for determining the direction of the buckling by applying a
voltage to them. During the experiments that are included at this thesis, only the
top pair of side gates are used. Bottom pair is at the ground level. Additionally,
movable combs hence the beam is at ground level. For actuation, voltage is

applied only to the stationary combs.

Detailed recipes for manufacturing the device can be found at the reference [43].
However, an additional manufacturing step was introduced for the sake of the
work explained in this thesis, so it is beneficial to explain manufacturing steps

from the beginning.

Wafer is composed of
250 nm of Si on top 3 pm
of buried oxide (BOX)
on a 650pm thick Si

base.




Step 1. 300 nm bi-
layer PMMA deposi-
tion is made, the con-
tact pads and electri-
cal connection guides
are patterned with elec-
tron beam lithography
(EBL).

Step 2: 120 nm of Au
deposition is made by

thermal evaporator.

Z 2
=

Step 3: Device is left in
acetone bath for lift off

at least 12 hours.



Step 4: 300 nm bi-
layer PMMA deposi-
tion is made, contact
pads, electrical connec-
tion guides, beam and

comb drives are pat-
terned with EBL.

Step 5: 100 nm of SiO,
is deposited with elec-

tron beam evaporator.

Step 6: The device is
left in acetone bath for
at least 12 hours for lift

off process.



Step 7:  Anisotropic
dry etching is performed
by inductively coupled
plasma (ICP) using Cl,.
During this step SiO,
protects the silicon be-
neath it from being
etched.

Step 8 (Final Step):
Isotropic dry etching
with hydrofluoric (HF)
vapor is performed to
get rid of the SiO, mask
and the BOX layer,
which results as the sus-

pended structure.

Previously, at the step 4, EBL pattern was only made for the beam and the

comb drive actuators. Both the contact pads and the electrical guides were not

covered with SiO,. To protect golden layers from etching at the ICP process (Step

7), mask is changed such that all the functional parts of the device are covered

with SiO2.
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Chapter 3

Ultrafast Measurement of
Buckling Motion with SEM Line
Mode

Controlling the amplitude and direction of the buckling at nano scale without the
generation of the significant heat pave the way for novel actuation and sensing
applications. Sensing the buckling motion at nano scale while simultaneously con-
trolling the motion opens the path to understand full buckling behavior starting

from unbuckled position to post buckling region.

3.1 SEM Full Frame Mode and Line Mode

Most common way to visualize a sample with the SEM is using the full frame
mode where electrons start a scanning cycle from left to right, starting from the
top and moving to a lower line subsequently after each cycle finishes. When the
lowest line is reached, it returns to the very first position where the scan was
initiated (Figure 3.1 a). SEM also employs line mode and spot mode in addition

to full frame mode. At the former, only a single line of choice is scanned and after

11



one cycle finishes, electron line starts the new cycle from the same line rather than
moving to a bottom line (Figure 3.1 b). At the latter, a circular area of choice is
scanned. For the context of this thesis, full frame and line mode operations will

be relevant.

v

Figure 3.1: Demonstration of full frame (a) and line mode (b) operations.

Line mode is used as a tool to differentiate the side gates and the beam from
their surroundings. Starting from the left, line detects the drop from side gate
to bottom Si layer. Then as it goes through the beam, a sudden jump and drop
is observed. Finally, a jump is observed once more as line moves from bottom
Si layer to the right side gate. Adjusting the voltage and current values of the
electron gun plays a critical role to observe the side gates and the beam from

their surroundings.

7277 7277172772 72773 12774 72775 58672 586722 586724 586726
Number of Data Points x10° Number of Data Points

Figure 3.2: Line mode operation illustrated in SEM for unbuckled (a) and buckled
(b) beam and corresponding raw data of unbuckled (c) and buckled (d) beam from
the secondary electron output of SEM.

12



3.2 Setup and Experimentation

Experiments are conducted inside an SEM chamber where the chip is placed to
a PCB. Inside the chamber, electrical connections to the PCB are made by SMA
connectors. Cables extend from chamber to outside by electrical feedthroughs
and have BNC connectors for connecting to a voltage supply. Throughout the
experiments, Rohde Schwarz HMP 2030 is used for applying voltage to the buck-
ling device. HMP 2030 has 3 channels, which can be controlled separately or
together and extending to maximum of 32.050 V. For the sake of all buckling ex-
periments in this thesis, the beam, hence the movable combs, are kept at ground
level. To overcome the critical buckling force a voltage more than one channel can
support should be applied. Thus, channels 1 and 2 are connected in series and a
combined voltage is applied to the stationary combs. Voltage from channel 3 is
applied either to the left or right side gate. The data for secondary electrons are
extracted from the SEM by a BNC cable from port X6 of SEM. A BNC cable is
connected to Compact RIO for data acquisition with a rate of 200 x 10® samples

per second. Electron gun voltage is selected as 5kV, 10kV or 15kV.

SEM Chamber

CompactRIO

_—l GND| Laptop

RS HMP 2030

CH1 CH2 CH3

% kl)

O

n

——

Figure 3.3: Experiment setup. Purple line represents the BNC cable for collecting
secondary electrons.

Preparation for experiment includes the adjustment of the line scan period,

13



full frame window and electron gun voltage. Line scan period is chosen as 30 ps.
At the beginning of the experiment full frame mode is shrunken so that it only
contains a small portion of the two side gates and the beam. Even though smaller
portion of the full frame is recorded during the experiment, only one specific line
is analyzed for position measurement. That line is chosen based on the transition

point which is indicated by the white line at Figure 3.4.

Figure 3.4: Line mode operation illustrated in portion of full frame (green rect-
angle), starting from top position to bottom. Only the data points containing
white line is analyzed for the sake of position measurements ensuring that same
point at the beam is investigated.

Transition point is reached when the scanning line gets in range of the side
gates which is detected from the secondary electron data (Figure 3.5). The reason
for using the shrunken full frame mode is to guarantee that the same line thus
the same point at the beam is analyzed, since applying voltage to the buckling

device causes a shift in the SEM image.

After preparation step is done and shrunken full frame window is adjusted,
data is acquired from the unbuckled beam with no side gate voltage applied, to
take the position of the unbuckled beam as the reference point. Then, the side
gate voltage is applied to the device. In that instant no voltage is applied to the

stationary combs hence there is still no compression force present on the beam.

14
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Figure 3.5: Transition point is observed as side gates stop increasing in voltage
value and red dots align.

After recording the beams position at that configuration as well, stationary comb
voltage applied by using the HMExplorer which is the software of Rohde-Schwarz
HMP 2030. Starting from 0 V voltage value is increased to 38 V by 0.2 V steps.
Before increasing the voltage to the next value, current voltage value is hold for
2.5 seconds so that couple of measurements from the same point can be taken.
After the measurement is completed, starting from the unbuckled position until
reaching to large deformations, beam is brought back to the unbuckled position,
side gate is turned off and same procedure is applied for varying side gate voltage

values.

3.3 Data Analysis and Results

A typical experiment takes around 5 minutes. With 200 x 103 samples per second

data acquisition rate, we end up with approximately 60 x 10° data points. The

15



code takes a single input from the user at the beginning for a place to start
scanning. Then it detects the beam or the right side gate. After detecting one
beam or side gate peak and using the periodicity, it scans the entire range of
data to find the beam peak and the right side gate peak. By subtracting index
values of the beam peak and the right side gate peak, the deflection amount is
calculated from the reference value. Error bar is calculated by standard error of

the mean with the formula:

Standard Error = % (3.1)

where n is the number of measurements of the same point. Entire operation

of the code takes less than 10 seconds for 60 x 10° data points.

Voltage (V)
Voltage (V)

0 1 2 3 + 5 6 7 7 8 10 " 12
Number of Data Points ol Number of Data Point %10°

TN

]

Voltage (V)

o

N
Voltage (V)

o

0.5 -05

e El
7.2765 7217 7.2775 7.278 7.2785 7.279 7.25 73 7.35 74 7.45 75
Number of Data Points <108 Number of Data Points <108

Figure 3.6: Data taken at a typical experiment and zoomed versions.

After the data processing at MATLAB, deflections as low as 15 nm were de-
tected. Error bars having value of £7 nm were recorded. Considering the fre-
quency of the line mode and recorded error bars, noise floor is calculated at 38.5

pm/+/ Hz, which is a 250 times more improvement compared to our groups earlier

16



work at the reference [25].

The bending caused by applying voltage only to the side gate was detected
with error bars being less than the bending amount. Additionally, the inflec-
tion point where second derivative of the voltage-deflection graph becomes zero
was detected. The results obtained, can further help us to understand the stiff-
ness behavior of nano buckling systems at post bifurcation regime with a great

precision.
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Figure 3.7: Measurement of the beam starting from unbuckled position, reaching
to large deformations at post buckling region. Sub Figure shows the effect of the
side gate. Red circle is the inflection point.

By further decreasing the beam width with changing the EBL process, the
effect of varying side gates was detected, in which the displacements for different
voltage values were out of the range of the error bar. Figure 3.8 corresponds to

the bending of the beam when side gates are turned on while no comb voltage

17



difference, hence no compression force, is applied.
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Figure 3.8: Varying side gate voltage effects on unbuckled beam.
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Chapter 4

Forced Double Well Oscillator

with Nanomechanical Buckling

4.1 Bifurcation and Double Well Analogy

—_—
Increasing Compression Force

Figure 4.1: Pitchfork bifurcation and corresponding states of the beam.

Buckling is a symmetric physical phenomena having spatial symmetry between
left and right states. Until the compression force applied reaches to the critical
buckling force, beam is at the stable position at x = 0. If the compression force is
increased further, position at x = 0 becomes unstable and two symmetric stable

solutions arise. Those solutions physically correspond to beam buckling either to
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the left or to the right (Figure 4.1).

The post buckling behavior of the beam can be modeled with the double well
potential. Unstable solution corresponds to the middle part of the well and two
stable solutions can be expressed as the left and right buckled states having

absolute minimum potential value.

V(x)

LEFT RIGHT

X

Figure 4.2: Double potential well and corresponding buckling states.

Consider that a ball
placed to a well hav-
ing random initial con-

ditions.



With the existence of
damping its velocity will
be decreasing eventually
leading ball to settling

to one of the wells.

The choice of the well
(left or right) depends
on the damping con-
stant and the initial con-
ditions (position and ve-

locity).

After the ball has settled to one of the stable configurations, it is possible to
drive the ball out of the equilibrium position by shaking the system which can

be modeled by the dimensionless equation [44].

i+ 0 — x4 2® = F cos(wt) (4.1)

where ¢ is the damping constant and is greater than zero, F' is the forcing
strength and w is the forcing frequency. The frequency of the shaking effect
will be fixed, and amplitude dependence of the trajectories will be investigated.
Depending on the amplitude of the shaking three different trajectories could be
observed. If the shaking amplitude is small, the ball will oscillate at one of the

wells and if the shaking amplitude is large enough it will oscillate back and forth
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between two wells. Both of those motions are predictable meaning that they do
not have a huge dependence on the initial conditions and their trajectory can be
represented as a periodic function after the transient effect of initial conditions

disappear.

The third trajectory occurs when shaking force amplitude is in between the
first two cases. A chaotic trajectory arises which depends extremely on the initial

conditions and which has a non-periodic motion during its trajectory.

2

1 | Y

Displacement
o

0 50 100 150
Time Step

Force
Decreasing

Displacement

Chaotic Region

0 50 100 150
Time Step

Displacement
. IS

One Well Region

0 50 100 150
Time Step

Figure 4.3: 3 regions with the changing forcing amplitude.

Recalling our buckling system, it is possible to adjust potential well depth by
increasing/decreasing the comb voltage difference at the post buckling state and
apply a periodic force from one of the side gate pairs. The depth of the well
increases with the increasing comb voltage difference and a periodic function can

be directly applied to the side gates by a function generator.
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4.2 Setup and Experimentation

The experiments are conducted inside the SEM chamber. Buckling device is
placed to a PCB and wirebond connections are made to apply voltage and signal
to the device. PCB has SMA connections which extend from inside the chamber
to outside of the chamber by electrical feedthroughs. During the experiment, a
DC voltage is applied to the stationary combs, the movable combs and bottom
pair of side gates are at the ground level and an AC voltage is applied to the
top pair of side gates. DC voltage is applied by Rohde Schwarz HMP 2030 by
combining channels 1 and 2 to overcome the critical buckling force. AC voltage
is applied by Keysight 33600A Series waveform generator and a custom built
amplifier is used to amplify the AC voltage amplitude by 6.5 times. Throughout
the experiments AC voltage frequency of 0.55 Hz is chosen. Two channels of the
signal generator are adjusted so that a 180 degrees out of phase voltage could
be applied to the side gates, that is, when one side gate has the highest voltage

value, the other one has the lowest value and vice versa.

]
Input 1 Input 2
Amplifier =
PWR
Output 1 Output 2
GND|
m E
Keysight 33600A | RS HMP 2030 Voltage
CH2 Supply
CH1 H2 CH3 CH1l
GND| GND|
oo lﬁl— | —— plel [ele] [P]9] g [P[d] <&
=

1
/ SEM Chamber K )

Figure 4.4: Experiment setup.
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After placing the device inside the chamber and making electrical connections,
a contrast and brightness adjustment is made such that the entire buckling device
is brighter than the surroundings. The necessity of this step is to get a high
contrast image for image processing which will be explained in detail at the
section 4.3. After the contrast and brightness adjustments, voltage is applied to
the stationary combs to ensure buckling amount of approximately 1.5 um so that
double well oscillations are easily detectable. Then, the channels of the signal
generator are turned on to apply AC voltage to the side gates. A voltage scan
is performed from large voltages to low voltages by steps of 0.02 V from the
signal generator. This corresponds to 130 mV after the signal passes through
the amplifier. Voltage values in which the beam oscillates between both wells are
preferred in the beginning of the experiment to prevent biased buckling to either

of the wells.

4.3 Data Analysis and Results

Experiments are recorded as a high quality movie from start to the end with rate
of 10 frames per second. High blur is generated due to voltage oscillations so only
steady frames are analyzed which are passed through a salt and pepper filter to
get rid of background noise. After the filtering operation, the image is converted
to a binary image in which contrast difference becomes significant for smoother
transitions.

b
”Iqlll]"l| |I||1':I‘”\””””

e [f e
1

HV  cur mag mode WD it 30 pm
500KV 16nA 3500x SE 95mm 0 UNAM

Figure 4.5: Original device image (a) and binary device image (b).
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The edge of the top right side gate is chosen as a reference point by 2 step
white to black and black to white transition, and from that reference point beams
position is calculated by counting number of pixels. The code uses advantage of
black to white and white to black transitions to detect the reference point and to

calculate the position of the beam at each individual frame.

1) White to black transition
2) Black to white transition,
the edge is found.

3) Go upward to detect
beam at high deflection.

4) White to black transition,
the beam is found

R ——

2) Il)

Figure 4.6: Visualized operation of the code.

The Figure 4.7 was conducted where comb drive voltage difference was 35.5
V and the beam was initially buckled to right. Left deflections are recorded
as negative displacement values while right deflections are recorded as positive
displacement values. 0 corresponds to the position of the beam when it is at
unbuckled state. One well and double well oscillations are easily generated as
the former only need a small voltage amplitude and latter need a large voltage

amplitude.

The chaotic state(s) however, need to be precisely scanned throughout the
experiments. An evidence of a chaotic trajectory found in the same experiment,
is shown at Figure 4.7. Please note that since the beam was initially buckled to
the right in that experiment, it has higher tendency to be at the right well, hence

one well oscillations at the left well were not observed.
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Figure 4.7: One well (a), double well (b) oscillations and chaotic trajectory (c).

At a seperate experiment, 38 V comb voltage difference is applied to comb drive
actuators. As a starting point, an educated guess is made for the voltage value
of the side gate for achieving a chaotic trajectory. It is particularly important
to achieve chaotic region at the very beginning of the experiment before a beam
bias to one of the wells occurs. Beam motion was observed in initially at right

well, passing to double well and finally converging to left well (Figure 4.8).

Then, side gate voltages are applied starting from high voltages (ensuring that
double well oscillation occurs) to low voltages, when one set is completed, same
procedure is applied, starting all over. Starting with a 25.87 V side gate voltage

amplitude, an interesting pattern was observed with decreasing voltage.

Motion which was initiated at one well then converged to double well. This
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Figure 4.8: Chaotic trajectory.

should not be thought as transient chaos in which the motion starts in chaotic
region and then settles down to one of the stable states. Our system initially
starts its motion oscillating at left well, then converges to double well, from now
on referred as transition region. Recalling that voltage was decreased, before
system reaches that point in Figure 4.9 it was doing a purely double well motion.

System tries to resist leaving the double well motion as voltage is decreased.

Similar behavior was also seen at other voltages values at Figure 4.10 (a), (b)
and (c). Additionally, an evidence of chaotic region (d) and one well oscillation
(e) was observed as well. Analyses of Figures 4.9 and 4.10 suggest us that tran-
sition region is present at our nanomechanical buckling platforms which exists
in somewhere between double well oscillation region. Please note that the initial
one well motion tendency at Figure 4.10 (c) is neglected since it occurred at the

moment when waveform generator was turned on.

Existence of transition region could be explained by the dynamic shape change
on the double well potential during the experiments. Similar to the relation be-
tween initial buckling direction and systems choice of stable well position, system

tries maintaining previous state of trajectory, until it reaches a point where it is
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Figure 4.9: Transition region existing between double well regions

Transition

region

Voltage
Decreasing

. Existence of

upper double well region is known intuitively since applying voltage high enough
will generate that motion for sure.

no longer possible to maintain that type of trajectory with decreasing voltage.

Additionally, in the same time lapse for different voltage values, the percentage

of the beam doing double well motion decreases with increasing voltage (Figure

4.11). Vertical axis corresponds to the probability of double well oscillation during

the entire time lapse of the trajectory. It is calculated by counting the double

well trajectories within the period of 1.81 seconds. Horizontal axis refers to the

side gate values when they have their maximum value. The “V” shape at the

Figure 4.11 (b) exists due to the transition region where double well oscillation

probability drops to approximately 40% from 100%. The “V” shape also exists

at Figure 4.11 (a) outside the region of the graph since applying voltage high
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Figure 4.10: Double well, transition, chaotic and one well region all seen at narrow
range voltage scan.

enough to side gates will be initiating double well oscillations for sure.

The transition region could be thought as an additional trajectory option while
its sub trajectories, one well and double well oscillations, are well defined, its
transition from one trajectory to the other does not seem fitting to simple rules.
That characteristic of it opens avenues for those systems to be used in complex
computation applications such as random number generators and data security

protocols.

Moreover, observing chaotic regions experimentally for narrower side voltage
steps and for different well depths, which are adjusted by comb drive actuators, is
important to fully observe chaotic regime at nanomechanical buckling platforms.

Additionally, effect of the plastic deformation should be considered to best operate
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Figure 4.11: Probability of double well oscillation at full time lapse of motion for
Figures 4.9 and 4.10.

those devices in chaotic and/or transition regions during the device operation.
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Chapter 5

Critical Coupling at
Ring/Racetrack Resonators for
NEMS Measurements

5.1 Ring Resonator Model

Considering the model with one ring resonator and one waveguide the equations
for the power transmission will be derived based on Yariv [45]. Iy, Iy, T; and Ty
are normalized amplitudes. Light entering from I; could follow variety of paths
including total transmission to T, total coupling to ring or combination of two

options, theoretically (Figure 5.1).

Assuming that waves travel in one direction with no reflection taking place
and powers entering and leaving the coupling region, indicated by red box, are
equal, coupling can be expressed by two constants ¢ and ¢, and the interaction

can be expressed with the matrix:

Tl . t C 11
()= (5 2) G)



l1 T:

T2

Figure 5.1: Model of the integrated optical device.

and the coupling parameters have the relation:

||+ =1 (5.2)

therefore, we get the equations:

Tl = ﬂl + CIQ

(5.3)
T2 = —C*Il =+ t*IQ

The * corresponds to the complex conjugate operation. With a circular trip

on the ring we have:

I, = ae’®T, (5.4)

With « and 6 being the loss coefficient of the ring and the phase shift at each
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circulation, respectively. Taking I; as 1 for simplification and using equations 5.3

and 5.4 Ty, I, and T, can be expressed as:

Ty = T areid (5.5)
I, = % (5.6)
i, — % (5.7)
Using amplitude power relationship, we have:
Pr, = [Tuf = 1|tf ;ﬁ;fﬂmjﬁ) (5:8)
P = L = a?(1—|t*) (5.9)

1+ a?|t|? — 2alt| cos(v)

where, 1 results from both phase shifts due to the ring and the coupler. At

resonance,

W= 2rm (5.10)

with m being an integer, following expressions are obtained:

_ (a—]t])?

Pr, = ol (5.11)
_ o’ (1]t

P, = I (5.12)
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When internal and coupling losses are equal, o = ¢, transmitted power becomes

0, which is referred as critical coupling.

5.2 Device Architecture

A single device is composed of two grating couplers, one for input and one or out-

put, waveguide that connects grating couplers, a ring/racetrack resonator which

is not connected to the waveguide and a doubly clamped or a cantilever beam.

Figure 5.2: Image of a device under optical microscope.

Waveguides, ring/racetrack resonators and beams are built with 230 nm of
Si3N4 on top of 2.5 pm of SiO2. Grating couplers are designed to have 50 percent
duty cycle with 115 nm to 230 nm thickness pattern and have a width and length
of 27.25 pm to 16.12 pm respectively. Waveguides have a width of 500 nm which
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narrows down to 200 nm at the coupling region. Beams have varying length with
150 nm width.

WD mag 2\% HFW [ tilt| —20 ym ———

9/9/2019 WD mag HV HFW | tilt 10 ym ——

M| 5.8 mm |4 525 x| 10.0 kV [65.9 ym|0 Nova NanoSEM 2:10:49 PM| 5.8 mm [6 263 x| 10.0 kV |47.6 ym| 0 Nova NanoSEM

Figure 5.3: Images of a ring resonator and doubly clamped beam (a) and a grating
coupler (b) under SEM.

5.3 Setup and Experimentation

Experimental setup is composed of two fibers, two 3 axis stages with a servo
motor and a custom built fiber path integrated to them, optomechanical devices,

a microscope and a plexiglass cage.

Single mode optical fiber supporting wavelengths 765 nm to 781 nm from
Thorlabs is used.

Fibers are prepared with the guidance of the Thorlabs manual fiber preparation
guide FN96A - Guide to Connectorization and Polishing of Optical Fibers. Fibers
are cleaned with isopropyl alcohol first, then stripped with Jonard Tools JIC-
375 from the third hole, hence glass fiber is exposed. Stripped fiber is then
cleaned with isopropyl alcohol once again. The cleaned bare fiber is then cut
with Thorlabs S90R Ruby DualScribe Fiber Optic Scribe for achieving a quality

optical surface. After investigation of the surface, manual polishing is made with
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30 um, 6 pm, 3 pm, 1 pm polish surfaces, finalized with the polishing using 0.02 pm
LFCF film.

To align fibers to grating coupler, a servo motor integrated 3 axis stage is
used. While the chip remains steady, the x, y and z position of the fibers are
controlled with the stage and tilt to the fiber is given by servo motors. Alignment
is performed by bringing tilted fiber close to the chip surface with the z axis, until
reflected light is clearly seen, which is the indicator that fiber is almost touching
the surface. Then, fiber is positioned between the x and y coordinates of the
grating coupler. Giving tilt to fibers is critically important to maximize the light
transmission from fiber to grating couplers. Servo motors are chosen as micro
version for space considerations and they are controlled with a circuit consisting

of Arduino and potentiometers.

Fiber path is prepared by cutting through a 1.05 mm thick glass by a dicing
saw in the cleanroom environment. The fiber path is made such that the fiber
neither freely moves nor gets completely stuck at the hole. The path is connected
to the shaft of the servo motor and the servo motor is connected to the 3 axis

stage.

Figure 5.4: XYZ-tilt stage (a) and a model of custom built fiber holder with fiber
on it (b).
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Channel Depth | 150 pm
Glass Thickness | 1.05 mm
Tape Thickness | 0.09 mm
Blade Height 0.99 mm
Feed Speed 3

Table 5.1: Parameters of dicing saw for building fiber holder.

Newport New Focus Tunable Laser TLB-6712 fine tunable laser, Thorlabs
DET025AFC/M fiber optic photodetector, Stanford Research Systems Model
SR560 low noise preamplifier and Keysight Agilent 34461A digital multimeter

is used for experimentation.

Laser output is connected to the input fiber which aligns with the input grating
coupler. The light scattered from output grating coupler is collected by the output
fiber which is connected to the photodetector. Voltage output is taken from the
photodetector which goes to preamplifier, then to the digital multimeter (Figure
5.5).

TLB-6712 Fused Fiber
Tunable Laser Optic Coupler

=

XYZ-Tilt
Stage
XYZ-Tilt
Model SR560 | |DET025AFC/M| Stage

—{ Low Noise |—  Photo -.—>—

Preamplifier Detector

34461A Digital
Multimeter

Plexiglass Cage

Figure 5.5: Experiment setup. Blue lines correspond to fibers.

5.4 Data Acquisition

Experiments are performed at the LabVIEW environment, using modules of the
LabVIEW, Newport Tunable Laser and Keysight Digital Multimeter. For precise

wavelength scan, piezo actuator inside the laser is controlled by LabVIEW.
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After initialization of the instruments at the beginning of the code, laser scan-
ning and data acquisition are done in a loop style. Starting from 765 nm wave-
length of light, piezo actuator of the laser is increased by 1 %, using piezo setpoint
module of the laser, which corresponds to a wavelength increase of 1.8 pm. After
the light is collected from the output fiber, converted to a voltage value by the
photodetector and passed through preamplifier, signal is detected with the digital
multimeter and relevant wavelength and signal amplitude values are recorded. A
lambda sensing operation is done by the sense lambda module of the laser to
record the wavelength. This process is repeated starting from 0 % to 100 % of

piezo value which corresponds to total wavelength increase of 180 pm.

After reaching to 100 %, piezo it is brought back to 0 %, again using the
piezo setpoint module. The last recorded wavelength value is shown to user in
the main screen for checking purposes. Then, 150 pm of wavelength increase is
applied without using the piezo setpoint module but rather using the lambda
setpoint and scan forward velocity modules. Recalling that piezo scan resulted as
180 pm of wavelength increase, the code ensures 30 pm of safety margin. Finally,

with track lambda state user is informed about the lambda value.

Those operations are repeated until wavelength reaches to 780 nm, then the ex-
ecution is automatically finished. Simplified diagram of the operation is shown at
Figure 5.6, the complete LabVIEW block diagram can be found at the Appendix
B.

A increase by piezo Record
= — 1 —— =
StartA =765 nm — Step size: 1.8 pm (1%) transmission A=765.180 nm
-~
Repeat 100 times l
Modify Start A Bring piezo
with New A back to 0 %

Increase A | _ _
New A =765.150 nm < by 150 pm < A=765nm

Figure 5.6: Basic diagram of the operation.
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5.5 Results

Experiments took place at the room temperature and atmospheric pressure. All
the no coupling, under coupling and critical coupling cases were observed during
the experiments, not surprisingly, considering that 217 devices with different
variations are present in a chip with dimensions of 3 mm to 10 mm. The variations
include, the type of the resonator (ring or racetrack), length of the non-circular
(racetrack length) part at the racetrack resonators, coupling gap and diameter of

the resonator.

Figure 5.7 is a critical coupling data for a racetrack resonator having a 19 pm

diameter, 5 pm racetrack length and 175 nm of coupling gap.

Critical Coupling

-10 .

-15 .

220 + 1

-25 - .

Transmission (dB)

230 F 4

35 F 4

40 + 1

_45 1 1 1 1 1 1 1
764 766 768 770 772 774 776 778 780

Wavelength (nm)

Figure 5.7: Critical coupling.

The tracks of the consecutive scans, which were explained at Section 5.4, could
be observed. Purple arrows correspond to end of a scan and red arrows corre-
spond to beginning of the following scan (Figure 5.8). Having consecutive scans

overlapping each other is an indicator of a successful alignment and device design.

Figure 5.9, corresponds to an under coupled case of a racetrack resonator with

10 pm diameter, 2 pm racetrack length and 175 nm of coupling gap. Zooming to
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Figure 5.8: Consecutive scan steps.

the red rectangle shows an oscillation during the experimentation which could be
caused by a random environmental effect. Even in that case overlapping of the

consecutive scans is present.
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Figure 5.9: Under coupled racetrack resonator.
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Chapter 6

Conclusion and Future Work

In this study, precise and low error measurement of nanomechanical buckling
motion, starting from unbuckled position to large deformations at post buckling
regime has been demonstrated. With the code developed error bars as low as
+7 nm for large deformations and +2.8 nm for initial bending were recorded.
Further, noise floor levels of 38.5 pm/ V' Hz were achieved. Additionally, forced
double well oscillator model was demonstrated in these platforms. Both evidence
of chaotic trajectories, double and one well oscillation were observed as well as
an additional trajectory existing between double well region. Trajectories were
drawn by using an image processing code. Finally, ring/racetrack resonators were
designed, manufactured and tested to be used in one or multiple NEMS detection.

An experimental setup was developed for fast and easy alignment of fibers as well.

6.1 Focusing on Chaotic Trajectories

The experiments at Chapter 4 were mostly performed for comb drive voltage
difference of 38 V meaning that height of the double well potential was mostly
fixed. Similar experiments should be conducted for varying comb drive voltage

differences to observe additional chaotic regions on the same nanomechanical
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buckling platform for varying potential well heights. Additionally, each trajectory
should be investigated with discrete time steps (which could be half of the period)
and statistical analysis of the trajectories should be made to differentiate the

plastic deformation effect from the randomness of the trajectory.

6.2 Synchronized Chaos

Coupling two chaotic mechanical buckling beams at nano scale could open avenues
to reveal rich nonlinear dynamics of such system and have potential to be used at
complex computation and communication applications. For that, a preliminary
design was developed. The most critical parameter here is to adjust the width of
the mechanical beam coupling element which is essential for communication of the
beams for synchronization. Width is calculated as 2pm so it is fully suspended
by using the same HF recipe that is used for manufacturing buckling devices.
In summary, those devices are designed to be manufactured by using the same

deposition and etching recipes for current devices.

Figure 6.1: General look of design without the base silicon.
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Figure 6.2: Tilted look of the device with base silicon.

6.3 Single and Multiple NEMS Measurements

By the ring/racetrack resonators developed, single or multiple NEMS and their
interaction could be monitored. Additionally, since those systems provide large
scale integration possibilities, by integrating those systems with array of fibers and
electrospray ionization (ESI) techniques, sensor technologies for particle, virus
and other bio/chemical detection could be developed either under vacuum or

atmospheric pressures.

6.4 Measurement of Buckling Motion with
Ring/Racetrack Resonators

Ring/racetrack resonators built can be integrated with nanomechanical buckling
platforms for doing deflection measurement with error bars and noise floor lev-
els even lower than the line mode method. Placing the beam so that the part
largest displacement during buckling aligns with the center of the ring/racetrack
resonator, will be enabling measurement of the mV level changes on the comb

drive actuators.
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Appendix A

MATLAB Codes

A.1 Line Mode Beam Detection

% Click once near the side gate.
clear
cle
close all
format long
load line_mode_data.mat
load scan_voltage.mat
vol_divide = 5.3;
num_voltage = 64;

sampling_rate = 200e3;

20



seconds = 2.5;

number _of points = 1:1:1e3;

repetition = 10;

beam_interval = 420;

beam_increment = 200;

gate_interval = 100;

gate_increment = 72;

scan_increment = 41770;
next_voltage_increment = 501191-30;
save_gate = zeros(1,repetition+1);
collect_mean = zeros(1,num_voltage);
collect_error_bar = zeros(1,num_voltage);
collect_single_position = zeros(num_voltage,repetition);
plot(denoised_signal);

hold on

plot(voltage_rs);

disp([’Click to record position.’]);

roil = drawpoint;

p-click = roil.Position;
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current_dp_loc = round(p_click(1,1));

point_of_choice = current_dp_loc;

a = zeros(1,repetition);

[max_gate,index_gate] = max(denoised_signal(point_of_choice:1:
point_of_choice+gate_interval));

gate_position = point_of choice+index_gate-1;
plot(gate_position,max_gate,’r*’)

for i = 1:1:num_voltage

save_gate = zeros(1,repetition+1);

[max_gate,index_gate] = max(denoised_signal(gate_position:1:
gate_position+gate_interval));

gate_position = gate_position+index_gate-1;
plot(gate_position,max_gate,’r*’)

for k = 1:1:repetition

save_gate(k) = gate_position;

[max_beam,index_beam| = max(denoised_signal(gate_position-+
gate_increment:1:gate_position+

gate_increment+beam interval));

beam _position = gate_position+gate_increment+index_beam-1;
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plot(beam_position,max_beam, r*’)

a(1,k) = beam_position-gate_position;

[max_gate,index_gate] = max(denoised_signal(gate_position+
scan_increment-gate_interval /8:1:
gate_position+scan_increment+gate_interval /8));
gate_position = gate_position+scan_increment-gate_interval /8-+
index_gate-1;

plot(gate_position,max_gate,’r*’)

end

collect_single_position(i,:) = a;

collect_mean(i) = mean(a);

collect_error_bar(i) = std(a)/sqrt(length(a));

disp("Error bar is: )

disp(std(a)/sqrt(length(a)))

disp(’Mean is ")

disp(mean(a));

disp(’Voltage is: )

disp(i)

gate_position = save_gate(1)+next_voltage_increment;
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end

A.2 Chaos Experiments Image Processing

% Adjust contrast at the beginning, 0.58 is the default value.
clear
cle
close all
start_pixel = 328;
end_pixel = 328;
repetition = end_pixel-start_pixel+1;
collect_trajectory = zeros(1,repetition);
collect_error_bar = zeros(1,repetition);
for 1 = start_pixel:1:end_pixel
I = im2double(imread(strcat("frame’,;num?2str(l),”.tif’)));
filtered I = medfilt2(1(:,:,1),[3,3]); % salt n pepper filter
figure;
imshow (filtered_I);
title"SEM image with salt n pepper filter’);

prompt = ’'Is image good? (y/n): ’;
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str_sem = input(prompt,’s’);
close

if str_sem == 'n’
trajectory_position = 0;

beam _pixel number = 0;

else

black_n_white = imbinarize(filtered_I(:,:,1),0.58); %(making a binary image)
for px = 1:1:943

for py = 1:1:1024

if black_n_white(px,py,:) == 0;
black n_white(px,py,:) = 1;
else

black_n_white(px,py,:) = 0;
end

end

end

figure;

imshow(black_n_white);

prompt = ’Is constrast good? (y/n): ’;
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str_contrast = input(prompt,’s’);

while str_contrast == 'n’

prompt = 'Enter contrast between 0-1: ’;
str_contrast_adjust = input(prompt,’s’);
black n_white = imbinarize(filtered_I(:,:,1),str2double(str_contrast_adjust));
for px = 1:1:943

for py = 1:1:1024

if black_n_white(px,py,:) == 0;

black n_white(px,py,:) = 1;

else

black n_white(px,py,:) = 0;

end

end

end

imshow (black_n_white);

prompt = ’Is constrast good? (y/n): ’;
str_contrast = input(prompt,’s’);

end

start_pixel_x = 550;
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start_pixel_y = 576;

while black n_white(start_pixel x, start_pixel_y,:)==1;
start_pixel x = start_pixel x-1;

end

while black n_white(start_pixel x-3,start_pixel y,:)==0;
start_pixel_y = start_pixel_y-1;

end

[x,y] = ginput(1);

x = ceil(x);

y = ceil(y);

scan_amount = 15;

collect_beam = zeros(1,scan_amount);

counter_beam = 0;

counter_error = 0;

beam_position = zeros(1,scan_amount);
counter_beam_pixel = 0;

for i = 1:1:scan_amount

collect_beam(i) = black_n_white(start_pixel x-60,x-1,:);

black_n_white(start_pixel x-60,x-i,:)=0;
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if collect_beam(i) ==

beam _position(i) = x-i;

counter_beam _pixel = counter_beam _pixel+1;

end

end

imshow(black_n_white)

pause;

beam_position_modified = zeros(1,counter_beam_pixel);
beam _position_counter = 1;

for i = 1:1:scan_amount

if collect_beam(i) ==

beam _position_modified(beam_position_counter) = beam_position(i);
beam _position_counter = beam_position_counter+1;
end

end

beam_pixel number = length(beam _position_modified);
trajectory_position = sum(beam_position_modified)/
length(beam _position_modified)-start_pixel_y

end
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collect_trajectory(l-(start_pixel-1)) = trajectory_position;
collect_error_bar(l-(start_pixel-1)) = beam_pixel number;
close;

disp(1);

end
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Appendix B

LabVIEW Block Diagram for

Optomechanics Experiments
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