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Abstract

Nanomechanical beam resonators show much promise for use in integrated on-
chip mass sensing systems. This follows from their own very small masses and
also their ability to store the mechanical energy of their oscillations to pro-
duce strong measurable mechanical response signals. To achieve higher mass
sensitivities the size of these nanomechanical beams is decreasing and as a
result the transduction of their mechanical motion is becoming more difficult.
This follows from smaller nanomechanical devices operating at higher frequen-
cies and with smaller ranges of motion. Nanophotonics is very well suited
to measure devices with these properties in mind. Optical signals of nano-
optomechanical system (NOMS) devices are not limited due to high frequency
roll-off like traditional electronic measurement techniques, and they have ex-
hibited very high mechanical displacement sensitivities. The nanophotonic
transduction and actuation of nanomechanical cantilevers is demonstrated
using integrated nanophotonic structures. Mach-Zehnder interferometer and
nanophotonic racetrack resonator optical cavity transduction is demonstrated
with good results for size independent nanomechanical cantilever beams. The
devices are studied with the application of mass sensing in mind and multi-

plexed operation is demonstrated to mitigate the small capture area of individ-



ual nanomechanical beams. A nanostencil structure fabrication process is also
developed using materials compatible with integrated optical systems. These
overshield structures function to both protect the nanophotonic structures
from uncontrolled analyte interactions along with removing the ambiguity of
a mass loading event by eliminating uncertainty in mass loading location. This
control of mass loading location can also be used to limit the deposition area
of analyte on the beam to ensure maximum mechanical responsivity for each
mass loading event. The NOMS detection method shows good promise for

integrating nanomechanical beams into future mass sensing systems.
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CHAPTER 1

Introduction

Rapid advances during this information age have brought many new tech-
nologies to the forefront. One example includes nanotechnology. Colloquial
representation of the field includes microscopic robots floating around and
manipulating objects a single molecule at a time. The technology has not
yet progressed this far, and it’s arguable as to whether it ever will, but what

nanotechnology has become is an enabling technology.

Nanotechnology is a broad reaching field encompassing all aspects of science.
If someone asks a chemist to define and describe it chances are they would
give a very different answer than a physicist might. What can be agreed upon
is that material and device properties change when working in the nanoscale.

Access to these new properties is what is driving advances in the field.

Devices utilizing nanotechnology also give access to new paradigms of inter-
action with microscopic materials. Devices are now being built at size scales
matching those of proteins, molecules and atoms and can interact with them
directly. Since the fabrication of many nanotechnological devices and struc-
tures stems from integrated circuit fabrication processes, this new interaction
paradigm is enabling the miniaturization of many existing larger scale devices

onto much smaller computer chips.

One such device is the mass spectrometer. A mass spectrometer measures
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the charge to mass ratio of an analyte material and based on this value is
able to determine what the material is. Traditional mass spectrometers can
detect masses below that of a single proton, and are generally large pieces of
equipment which utilize strong electric and magnetic fields. As a result they
are not very portable. Due to their cost, scientists will submit their samples to
an outside lab for mass spectrometry analysis and not typically have a machine
of their own. Using nanotechnology, however, new devices are being developed
which could transform this large expensive piece of equipment into something

that may fit in the palm of one’s hand.

These devices are based on the fabrication of nanomechanical vibrating beams.
These beam are created on a size scale where their direct interaction with
analyte molecules may be measured. Generally, the frequency of oscillation
of the nanomechanical beam is measured and a foreign mass landing on the
beam changes this frequency in proportion to its size. In pursuing the highest
mass sensitivity of these nanomechanical sensors the sizes of the resonating
beams have become increasingly smaller. Although this decrease in device
mass often leads to higher sensitivities [1] the transduction of the motion of
the beam becomes more difficult to achieve. Advances in the nanomechanical
sensing field have followed new device structures and transduction techniques.
The work in this thesis follows this trend by fabricating novel nanomechanical

resonating beam devices with mass sensing applications in mind.

The transduction difficulties of smaller devices may be caused by several is-
sues. Expected displacements of nanomechanical beams generally decrease
with smaller beam sizes so displacement sensitivities must improve as well.
Very high displacement sensitivities are achieved with conventional free-space
optics, but the method is diffraction limited which imposes minimum size con-
straints when probing nanomechanical devices [2, 3]. Constraints can also
emerge with smaller devices as they tend to operate at higher mechanical
frequencies [4]. Issues such as RLC roll-off and parasitic capacitance can neg-
atively affect the transduction when using certain electronic read-out tech-

niques.
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Nano-optomechanical system (NOMS) devices have emerged as an excellent
option for overcoming these issues to effectively transduce nanomechanical mo-
tion. This follows from their unprecedented displacement sensitivity [5, 6]. The
use of on-chip optical cavities also allow transduction improvement as photons
contained within the cavities can interact multiple times with the nanome-
chanical device before dissipation [7]. Diffraction limits are circumvented as
the devices operate in the optical near-field, and the optical detection scheme,
which is neither frequency nor bandwidth limited, is well suited for high fre-
quency operation [5]. This work follows this rationale to both fabricate and
study nanomechanical beam resonators which use nanophotonic structures for
mechanical signal transduction. Practical implementation of the device into a

mass sensing setup is also considered in relation to the design.

Some of the recent advances in the optomechanical field have used these inte-
grated NOMS devices to conduct some truly astounding work. Foremost, this
includes studies at the quantum limit [8, 9, 10]. These experiments monitor
the mechanical motion of the integrated high quality optical cavity itself and
take advantage of the direct coupling between the mechanical modes of mo-
tion and the cavity’s optical properties. Optical cooling is also employed in
these systems. Photonic crystal optical cavities and their mechanical breath-
ing modes are especially useful to investigate such systems. These types of
structures have also been used to monitor other physical phenomena such
as the generation of squeezed light [11] and nano-optomechanical wavelength
conversion [12]. Coupling between microwave electrical signals and optical
photons has also been demonstrated through a piezoelectric optomechanical
photonic crystal cavity [13]. These piezoelectric crystal cavity structures have
been engineered for both high optical and mechanical quality factors to bet-
ter couple electrical systems with these nano-optomechanical system devices
[14, 15]. Integrated nano-optomechanical system devices are opening up many

new avenues for studying interactions on a fundamental level.

Although these devices have demonstrated unprecedented sensitivity they may

not be well suited for sensing external particles due to the nature of their oper-
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ation. The devices are generally designed to interact only with themselves and
external entities may induce losses in the system which could destroy the de-
vice’s inherent sensitivity. As an example, a device relying on the high optical
quality factor of a photonic crystal cavity would become ineffective if a foreign
material is deposited on the cavity which scatters the optical mode. Following
this rationale, this work will look at NOMS systems where the optical and
mechanical structures are physically separated. The optical and mechanical
interactions will not be as strong, and hence the mechanical motion sensitivity
will not be as high, but the design should be more robust for external analyte

detection.

Nanomechanical mass sensors using nanophotonic transduction have the po-
tential to impact all fields which require particle analysis. With this technol-
ogy, hand-held mass spectrometry systems may be possible due to the nanofab-
rication platform with large scale integration possibilities. This could lead to
nanomechanical-based mass spectrometers replacing the large expensive sys-
tems used today. As a result, they could be integrated into lab-on-a-chip
systems to make diagnostic tests more accessible, faster and less expensive.
Chemical and biological analysis could be done instantaneously in individual
labs or in the field. This added accessibility to mass spectrometry systems

could see them become a standard tool wherever particle analysis is needed.
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Nanomechanical mass sensing

2.1 Introduction

Nanomechanical resonating beams have been studied for many years for ap-
plications in on-chip mass sensing. There are two important reasons for this
[1]. The first reason is that nanomechanical beams have very small masses
which, in turn, allow them to detect very small masses. The second reason fol-
lows from their high mechanical quality factors and high signal to noise ratios.
These parameters allow for a very accurate measurement of the mechanical
device’s resonant frequency. In dynamic mass sensing measurements this me-
chanical resonant frequency is the property used to extract the mass of the
analyte particle. These types of dynamic mass measurements are discussed in

detail in this chapter.

The ultimate sensitivity goal for on-chip nanomechanical mass sensors is reach-
ing the sub-dalton regime. This coincides with the sensitivity of traditional
mass spectrometry systems and allows for the differentiation of different pro-
teins based on mass alone. A nanomechanical resonator device fabricated using
a carbon nanotube has reached this sensitivity level [16] and confirmed earlier
theoretical predictions on its possibility [17, 18]. An advantage of nanomechan-

ical mass sensors compared to traditional mass spectrometers is that no analyte
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ionization is required. Neutral species measurement removes the requirement

for analyte ionization which can damage fragile proteins and molecules.

Other than mass spectrometry [19, 20, 21| nanomechanical mass sensors have
been used as more general sensors to measure few numbers of atomic masses
22, 23, 24], single particles in the gas phase [25], analytes in gas chromatog-
raphy systems [26, 27], and also particles in a fluid environment [28, 29, 30].
With any of these sensor types a distinct advantage of a nanomechanical sys-
tem compared to conventional methods is the ability to integrate a large num-
ber of these devices onto a single chip. The high sensitivity and the ability
to manufacture them integrated with computer chip components open the

possibility of using these devices in inexpensive and portable sensor systems.

2.2 Nanomechanical resonant frequency

The mechanical resonant frequency of a nanomechanical beam is dependent
on its physical characteristics such as its size, shape and composition. If one of
these properties is altered the resonant frequency will change, and this is the
principle of operation for gravimetric mass sensing. A foreign analyte mass is
added to the mechanical beam and, assuming secondary effects are negligible,
this change in the overall mass of the oscillating structure (now composed
of the beam and the added mass) changes the resonant frequency [18]. To
first find a mechanical beam’s resonant frequency, Timoshenko beam theory

is considered.

Looking at a prismatic beam in the x —y plane with the beam length, [, along
the z-axis and deflection in the y direction the general equation for the beam’s
free vibration can be derived according to the free body diagram of a beam
element, dz [31]:

My 0%y
Fl—2dr = —pAdx—= 2.1
8x4dx pAdx 52 (2.1)
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In the formula above F is the Young’s modulus of the beam and I is the second
moment of area of the beam such that EI corresponds to the beam’s flexural
rigidity. The mass density is defined by p and the cross-sectional area is A.
Now, assuming that the deflection varies harmonically, let y(z,t) = aY (x)e™!
where a is equal to the peak amplitude and w is equal to the angular frequency.

Equation 2.1 can then be simplified to:

oY ()

ot BYY (x) (2.2)
where
A 2
p= (2.3)

A general solution for this partial differential equation, and hence the typical

function representing transverse prismatic beam vibrations, is:

Y (z) = Cy sin Bz + Cy cos fx + Cy sinh fx + Cy cosh Sz (2.4)

To solve for the angular resonant frequency, w, the equation must be solved
using the beam’s boundary conditions. These boundary conditions are set
by the type of mechanical resonator such as if it is a cantilever or a doubly

clamped beam.

2.2.1 Mechanical resonator boundary conditions

The boundary conditions are set by how the vibrating beam is clamped. Ob-
viously Y represents the displacement and will be equal to zero if the beam
is clamped. If the device is clamped the slope of the beam, Y’, will also be
equal to zero assuming it is clamped perpendicular to the anchor. Y” and Y’
represent the bending moment and the shear force, respectively, and both will

be equal to zero for a freely oscillating end.
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Looking at the specific case of a cantilever beam (one clamped end, one free

end) equation 2.4 reduces to the following:

cos flcosh fl = —1 (2.5)

and in the case of a doubly clamped beam (both ends clamped):

cos Bl cosh Bl = 1 (2.6)
The solutions for these equations are listed in table 2.1.

Table 2.1: Consecutive roots of beam frequency equations

Bl Pl Bl

cantilever 1.875 4.694 7.855
doubly clamped 4.730 7.853 10.996

Using these roots the resonant frequencies of a beam’s different modes can
now be calculated. Using equation 2.3 and the second moment of area of a
rectangular beam I = wt3/12, where w is the beam width perpendicular to
the oscillating direction and ¢ is the beam thickness in the oscillating direction,

the resonant frequency, f, for a nanomechanical resonator is expressed as the

p* | E vt | E
S S S 9.
I=5\12p = 2r 2\ 12 (27)

2.2.2 Mode shape of a resonant beam

following with Sl = ~:

The shape of the oscillating beam is also derived from the general beam equa-

tion. Taking the boundary condition of a clamping point at x = 0 (for either a
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cantilever or doubly clamped beam) it is found that C} = —C53 and Cy = —Cl}.

Equation 2.4 can then be written in the following form:

Y (z) = Cy(sin Sz — sinh fx) + Cy(cos fx — cosh fz) (2.8)

with the ratio of the coefficients for a mode of oscillation, n, of a cantilever
(doubly clamped beam) derived from the third (second) derivative of Y (z) at

r =1 as

Coym  cos Byl & cosh 3,1
Cin  sin f3,] F sinh B,

(2.9)

2.3 Frequency shift of a resonator due to the

addition of a point mass

The expected frequency shift of an analyte mass landing on a resonant mechan-
ical beam sensor can be derived from the resonant frequency of the beam along
with its mode shape [21, 32, 33]. The mode shape is important as the underly-
ing mechanism can be attributed to the amount of kinetic energy transferred
from the vibrating beam to the analyte mass. This energy amount transferred,
and hence resultant frequency shift, will depend on where the analyte lands
on the beam. If an analyte mass is deposited on a portion of the beam with
the greatest amount of deflection the highest amount of kinetic energy will
be transferred to the analyte particle. This will cause the greatest amount of

frequency shift.

The Raleigh-Ritz theorem can be used to quantify this effect [32, 34]. It states
that the maximum kinetic energy of the vibrating beam will be equal to the
maximum potential energy due to beam strain following from the conservation
of energy. In this case it is assumed that the loaded mass does not affect the

mode shape or create external strain on the beam.
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Estrain = Fyin + Ekin,Am (210)

The kinetic energy of an unloaded beam can be calculated using its mode
shape and the simple expression of %va. Taking the beam shape of mode n
from equation 2.4 and normalizing it such that Y, (z) = a,Y,(z) with Y (x)

itself normalized so fol Y?(x)dx = [ this becomes

1 - 1 L
Eyin :/ ~plwna, Yy (2)]?dV = —pwtwiai/ Y?(z)dz
v 2 2 0
1
= émbeamwiai (211)

where Mmpeam i the mass of the vibrating beam.

When an analyte is added to the beam with a mass of Am the kinetic energy
of the particle is dependent on both where it lands on the beam at za,, and
what the new frequency of oscillation for the combined beam - particle system

is, defined by wy, Am -

n,Am

1 _
Biinam = §Amw2 alY?(xam) (2.12)

Since it is assumed the loaded mass does not affect the mode shape the strain
energy can be approximated as the kinetic energy of an unloaded beam. Equa-

tion 2.10 expands to

1 , 1

2 2
5 MpeamW, &, = 5 mbeamwmAm

n,Am

1 _
a2 + §Amw2 a2Y?(zam) (2.13)

which can then be reduced to find the new frequency of oscillation of a beam

loaded with an analyte point mass:

2 w2
w = n 2.14
mAm T 4 —Afm Y2(zAm) (2.14)

Mpe
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2.4 Harmonic motion

2.4.1 Simple harmonic motion

Now that the mechanics of mass loading onto a mechanical beam are under-
stood the limits of detecting this frequency change, and hence the smallest
resolvable loaded mass, can be discussed. In this regard a much simpler model
can be used and the mechanical beam can be represented by a simple harmonic

oscillator spring-mass system.

The system is composed of a point mass of magnitude m attached to a massless
spring with a spring constant of k. Using Hooke’s law the force of the spring

on the mass is represented by the following differential equation:

0%z

The solution to equation 2.15 describes the motion of a simple harmonic os-

cillator

z(t) = Acos (\/ (k/m) t+ 925) = Acos(wt + ¢) (2.16)

where w = \/k/m is the angular frequency of the mass’ motion while ¢ is
its phase. The relationship between frequency, mass and spring constant is

important when estimating the mass sensitivity of a nanomechanical beam.

2.4.2 Damped harmonic motion

In any real device, such as a nanomechanical beam, dissipation will be present
in the system. The dissipation is a useful metric when characterizing the

mechanical response of nanomechanical beams. Extended from the previous
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section the dissipation is typically proportional to the velocity of the mass and

can be represented by the damping constant b

0w ox
— = —kxr —b— 2.17
o SY (2.17)
The solution to this partial differential equation is a harmonic oscillator with

exponential decay

x(t) = Ae~ cos(wgt + @) (2.18)
o b

When working with dissipation it is often more useful to talk about the quality
factor, @), of the device. The @Q-factor is a measure of the energy stored over
the energy lost per cycle. In the case of low damping, which is typical for a
nanomechanical beam under vacuum, the Q)-factor is defined by the following

equation

Q=" (2.20)

A more thorough look at dissipation and deriving the Q-factor can be found
in reference [35]. @Q-factors for nanomechanical beams in vacuum are typically
greater than 1000, and with such values it is worth noting that equation 2.19

can be approximated by the frequency of an undamped oscillator.

2.5 Effective mass of a resonating beam

Section 2.3 looked at how the mode shape and particle loading location are

taken into account when determining the frequency shift of a nanomechanical
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gravimetric mass sensor. In order to simplify further analysis when investigat-
ing the ultimate sensitivity of these devices it is useful to model the resonating
beam as a harmonic oscillator. To do this the effective mass, meg, of a res-
onating beam must be introduced. The effective mass is used to account for
the reality that the beam is not a point mass. Not only is its mass distributed
along its length but also the displacement of each portion of the beam while
it oscillates varies along its length [36, 37]. The potential energy of the spring
must be equal to the kinetic energy of the beam so this kinetic energy will
vary along the beam length due to the varying levels of peak displacement.
The effective mass takes into account the mode shape of the beam to treat the

system as an effective point mass at the end of a massless spring.

To calculate the effective mass we can use Rayleigh’s method and once again
equate the maximum kinetic energy of the moving beam with the maximum
potential energy of the beam spring such that KE,,., = PFEax. At this point
the spring constant of the beam is introduced as k, . The maximum potential

energy when the beam is at maximum deflection is:

Y(l)max

1
PEos = [ haydy = 5k () (2.21)

max

0

and the maximum kinetic energy of the entire beam along its length is:

‘1 "1
KEmaX:/ §pwt"02($)d$:/ §pwt(wY(x))zdx
0 0

1 I
= §pwtw2/ Y?(z)dx (2.22)
0

Equations 2.21 and 2.22 reduce to give the following expression for the beam

resonant frequency
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w= \/ kyyf(l)ma" (2.23)
pwt [, Y?(z)dx

in which the effective mass can be extracted from the frequency of a simple

harmonic oscillator, w = /k, /Meg:

Mo = puwt /0 | (Yl(/lg?“)g da (2.24)

This can be further simplified with the function Y(x) which is the mode shape

normalized in the xz-direction by its length and the y-direction by its maximum
deflection. This gives the effective mass as a function of the beam mass and

an effective mass factor:

1
Meff = mbeam/ YQ(x)dx (2.25)
0

The effective mass factors for the fundamental modes of a cantilever and a
doubly clamped beam resonator are approximately 0.242 and 0.735, respec-

tively.

2.6 Estimating the mass sensitivity of a nanome-

chanical beam resonator

The change in the effective mass of a beam due to mass loading will lead to a
change in its resonant frequency as described in detail in section 2.3. In the
following analysis it is still assumed that the analyte mass is much smaller
than the beam mass and the addition of the analyte does not affect other
beam properties such as the mode shape or spring constant of the beam [18].
Looking at equation 2.14 the frequency shift can be assumed to be linear when

the analyte mass is much smaller than the beam mass such that
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Am = agz:jﬁ bw=R"1ow (2.26)

where R is the mass responsivity of the mechanical resonator and gives the

amount of frequency shift caused by an addition of mass.

Looking back to the frequency-mass relation of a simple harmonic oscillator,
and remembering that the spring constant remains unchanged, the mass re-
sponsivity can be estimated using the partial differential of the frequency with

respect to the effective mass

0 k, 1 k, 1 w
_ / = _——,/ - _ 2.2
R OMeg \| Mgt 2V Meg Megr 2Mes (2.27)

Equation 2.26 then simplifies to the following:

Mefr

Am = —2—L50 (2.28)

w

To detect the smallest possible Am two options stand out. First, the meg
can be reduced and smaller nanomechanical resonators can be used, and sec-
ond the frequency stability of the system can be increased to reduce the ratio
of dw/w. The frequency stability can be measured experimentally using the
Allan deviation [38] and methods such as implementing the nanomechanical
resonator into a phase-locked loop can be used to increase the frequency sta-
bility, and ultimately the mass resolution, of the nanomechanical mass sensor.
Analysis of noise sources limiting the mass resolution of nanomechanical mass

sensors can be found in reference [18].

2.7 Conclusion

Nanomechanical beam resonators are well suited for detecting point masses

due to their extremely small mass. The analysis for such systems is governed
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by fairly straight forward equations. The largest limits to using these devices
as mass sensors comes from the noise in the system which limits the ability to
determine the frequency shifts used for detecting added mass. This has driven
research toward better nanomechanical transduction methods with the goal
of reducing noise in the system. Compared to traditional mass spectrometry
systems a fundamental advantage is the ability to detect analyte particles
of a neutral charge. This could make fragile materials much easier to study
if they no longer need to have a charge added to them. This coupled with
opportunities for both reducing costs and increasing portability make chip-

based nanomechanical mass sensors an exciting technology for development.



CHAPTER 3

Nanophotonics

3.1 Introduction

The field of nanophotonics studies light interactions in the optical near-field.
This is typically achieved using integrated photonics systems. Integrated pho-
tonics miniaturize conventional optical components onto an optical chip (anal-
ogous to integrating transistors onto a computer chip), and the field studies
waveguide optics combined with other optical disciplines such as electro-optics,
acousto-optics, non-linear optics and opto-electronics. A nanophotonic chip
will include integrated optical waveguides guiding light along the chip to in-
teract with various on-chip optical devices [39]. In the context of this thesis
nanophotonics will specifically refer to the interaction of these waveguides’
evanescent fields with either integrated optical and/or nanomechanical struc-

tures.

Many different types of nanophotonic devices are required to utilize the system
in detecting nanomechanical resonator motion. Light must first be coupled into
and out of the optical chip, it must then be transported along the chip, and
finally integrated optical structures are required to interact directly with the

nanomechanical structures. The photonics industry initially developed these

17
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structures for optical integrated circuits [40], but they have been very useful

in studying nanomechanics as well [8].

Nano-optomechanical system (NOMS) devices have used many of the stan-
dardized materials and processes developed for the integrated photonics in-
dustry. Silicon-on-insulator substrates with dimensions consisting of a 220 nm
thick silicon device layer and a 2pum buried oxide layer are commonly used
to pair with the free-space wavelength range of 1530 nm to 1565nm belong-
ing to the infrared optical telecommunications C-band. The 220 nm is chosen
to match half the laser wavelength in the medium. 500nm wide silicon strip
waveguides (described in section 3.3) are also typically used as it provides a
good compromise between low loss light propagation and evanescent tail size.
The evanescent tail is required for the waveguide to interact with other on-chip

structures such as photonic or nanomechanical devices [40, 41].

3.2 Light coupling from an optical fiber to an
optical chip

Several methods exist for coupling light from an external source onto a nanopho-
tonic chip. Typically the external source is in the form of a single mode optical
fiber and it is coupled into an integrated optical waveguide. Methods have been
developed to either couple light to an entire chip or to just couple light to an

individual nanophotonic structure.

One of the simplest ways to couple light onto a chip is end-fire coupling. It
simply aligns the end of a single mode optical fiber to the butt end of an
optical waveguide at the utmost edge of the photonic chip. Care must be
taken to size-match the optical mode between the fiber and the waveguide,
otherwise back reflections will occur and the coupling will experience higher
losses [42, 43]. This optical mode matching is accomplished using tapers on the
waveguide to adiabatically shift between the optical mode sizes of the fiber and

the waveguide. Although this method is both simple to design and implement
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it can only occur along the edges of the optical chip and can therefore limit

on-chip optical device locations and densities.

To address the optical device placement issues of end-fire coupling, light cou-
pling using optical gratings has been developed [44, 45, 46, 47, 48, 49]. Using
diffraction, light is channeled at a nearly 90° angle from free space into the
waveguide, and as a result it removes the need for alignment to occur at the
chip edge. This is important for large scale device integration as the density of
addressable coupling locations is no longer dependent on the chip’s perimeter
length. The optical gratings are created using a series of alternating high and
low index of refraction regions. The periodic index change is usually fabricated
by etching trenches in the silicon to create regions of high index silicon next
to low index air [44, 45, 46]. This is a popular method of coupling as it can
couple to a device anywhere on the chip, and it does this with both a high

efficiency and a large operational bandwidth.

Similarly to end-fire coupling, coupling using optical gratings must also use
an adiabatic taper to match the optical mode of the fiber with the standard
500nm wide waveguide. This will hurt the maximum device density on the
chip as a large region will be required to form the taper from a typically 10 pm
wide grating coupler to a 500 nm waveguide. To eliminate this taper, focused
grating couplers can be used which decrease the device footprint and therefore
increase device density across the entire chip [50]. To address the devices
at arbitrary chip locations multi-axis fiber positioners are often used. They
allow the input light to be aligned to the grating in both position and angle
to maximize coupling efficiency [46]. Grating couplers are one of the more
commonly used methods to couple light onto a chip due its effectiveness at

addressing high density optical structures.

It is much easier to detect nanomechanical motion when the device is operating
under vacuum. This eliminates air damping on the beam and the signals are
consequently much stronger. Light coupling, however, becomes more difficult
when introducing the sample into vacuum. One option is to place all the

alignment positioning systems in vacuum along with the sample. This creates
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a more complicated experimental setup as a larger vacuum chamber will be
required along with vacuum compatible positioning systems (both positional
and angular). A second option is to fix the alignment prior to pump down
which removes the need for vacuum safe positioners but at the expense of a loss
of flexibility to tune the alignment for maximum coupling efficiency after pump
down [37]. A third option has been developed which allows the grating coupler
alignment to take place outside of vacuum. A confocal scanning coupler setup
gives the flexibility of alignment in vacuum with minimal experimental setup
complications. Using a free space laser setup the input angle and incident
location of the light on the photonic chip is adjusted and focused through a
vacuum chamber window. This is the method of light coupling used in this

work and it is described in more detail in chapter 4.

3.3 On-chip light propagation

Once coupled onto the chip light must then be directed towards the various
integrated optical structures. This is accomplished using integrated optical
waveguides. As the most basic integrated optics component it controls the
direction of propagation of light along the chip. Different types of on-chip
waveguides exist, but the focus will be on dielectric waveguides which are

most relevant to this work.

Dielectric waveguides rely on total internal reflection to confine and guide light.
Two basic types include planar waveguides which confine light in one dimen-
sion, and channel waveguides which confine light in two dimensions [39, 51].
Planar, or slab, waveguides are formed when a slab of higher refractive index
know as the core is sandwiched between lower index claddings both above and
below it. A symmetric slab waveguide has upper and lower claddings of the
same refractive index, whereas an asymmetric waveguide has claddings of dif-
ferent indicies (both of which are lower than the core). Light travels within the
core and is reflected at each interface due to total internal reflection. This total

internal reflection follows from the boundary equations of Maxwell’s equations
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and cause the requirement of a higher index core. The solutions to these
equations will create independent solutions based on the light’s polarization
so it is important to know whether the light has a transverse electric (TE) or
transverse magnetic (TM) polarization. Full analysis of light propagation in a
slab waveguide can be found in general photonics textbooks such as references

39, 51, 52, 53].

With nanophotonic circuits two dimension confinement using a channel waveg-
uide is much more useful. It allows light to be directed toward various inte-
grated photonic structures at arbitrary locations on the chip. Similarly to a
slab waveguide, an upper and lower cladding confine light perpendicular to
the sample surface. To confine light in the plane of the photonic chip there
is also an index change parallel to the chip surface. The parallel confinement

allows the light to be guided to separate structures on the sample surface.

To form a channel waveguide the index change along the chip surface can be
achieved in several different ways. Schematics of various channel waveguide
types [51] can be seen in figure 3.1. A common method, and the method
used to create channel waveguides in this thesis, is to use an SOI substrate to
create a strip waveguide with the device silicon layer as the core, the silicon
dioxide BOx layer as the lower cladding, and air/vacuum as the upper and
side claddings. These devices are easy to fabricate and only require a single
etching step. The use of the SOI substrate also facilitates easy integration with
nanomechanical structures which can be easily fabricated with SOI substrates

themselves.

The size of the core of a channel waveguide is generally on the same order
as the wavelength of the light in the propagation material. As a result, the
angle in which total internal reflection can occur and light can propagate along
the core becomes discretized. These discretized angles define the propagation
modes of the waveguide. They are dependent on the light polarization and in
photonic channel waveguides TE-like mode propagation is defined as the elec-
tric field parallel to the substrate surface while TM-like mode propagation has

the magnetic field parallel to the substrate surface. The number of supported
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Figure 3.1: Various types of channel waveguides. (a) strip waveguide
(b) embedded strip waveguide (c) rib waveguide (d) loaded rib waveg-
uide. The darker the shading indicates a higher refractive index.

modes depend on the waveguide dimensions along with the index contrast be-
tween the cladding and core. Single mode waveguides are generally preferred
since multi mode waveguides see the power distributed among all the different
modes. The modes will travel with different reflection angles, and therefore
different speeds along the waveguide, and mode dispersion will occur. Mode
dispersion will cause signal distortion as the different modes will arrive at the

measurement points with different phases.

Cut-off occurs when a traveling mode is no longer supported in the waveguide’s
dimensions and materials. In a symmetric waveguide no cut-off exists for the
lowest order mode, but this is not the case for an asymmetric waveguide. To
avoid reaching the cut-off condition for all modes in a typical silicon strip
waveguide, standardized SOI wafers are used in the integrated photonics in-
dustry. This makes it very difficult to create waveguides with a core region too
small to carry a propagating mode [39, 52]. This makes silicon channel waveg-
uides using SOI substrates a robust device for both design and fabrication and

an excellent option for integrating with nanomechanical systems.
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3.4 Integrated optical devices for nanomechan-

ical beam interaction

The final type of structure NOMS devices utilize are optical devices which
interact with nanomechanical beams to transduce the beam motion. The
devices can either be waveguide based such as directional couplers or Mach-
Zehnder interferometers (MZI), or they can take advantage of an optical cavity
such as an optical disk or ring resonator or else a photonic crystal cavity. The
optical device can function directly as the nanomechanical resonator itself
(such as a freely oscillating waveguide) or it can be placed in close proximity to
the nanomechanical resonator so the resonator can interact with its evanescent
fields. Both types of systems rely on a form of mechanical motion modulating

the optical properties of a photonic device.

3.4.1 Effective index of refraction

The essential principle for most types of nanophotonic detection relies on the
manipulation of the optical path length of a waveguide due to the motion of a
nanomechanical beam. This usually occurs with a changing air gap between
the waveguide and an adjacent structure which causes a change in the effective
refractive index of the propagating mode of light. A simplistic way to envision
the effective index effect is to first imagine the mode propagating along the
waveguide. If the traveling mode’s field penetrates deep into the cladding it
will see more of the cladding’s refractive index and will tend toward that value.
If, however, the mode is confined only to the core then the mode will mostly
see the core refractive index. In general for guided modes, the modal effective
index will be between the refractive index values of the core and the cladding
depending on the amount of field present in each medium. As an example, a
nanomechanical beam oscillating in and out of a waveguide’s evanescent tail

will increase and decrease the effective index of the mode, respectively.
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The rate of change of the effective index due to the changing gap spacing is
important in quantitative NOMS analysis. Given accurate device dimensions,
finite element [54, 55| or finite difference [56, 57, 58, 59, 60] methods may
be used to numerically solve these values. It is also possible, however, to
approximate the solutions for the effective index analytically using the effective

index method.

The effective index method approximates waveguide propagation modes by
reducing two dimensional waveguide analyses to a series of slab waveguide
calculations [39, 53, 61]. Despite its simplicity, the effective index method
is fairly accurate for low-order modes which are far from the optical cut-off

frequency of the waveguide.

The method first involves taking the cross section of the waveguide and break-
ing it into a series of slab waveguide sections. The sections are treated indepen-
dently and the index is solved for each slab section for either the transverse
electric-like (TE) or transverse magnetic-like (TM) mode. The method for
solving for the propagation constants in a slab waveguide can be found in
general photonics textbooks [39, 53]. The solved sections are then combined
to form a new slab waveguide in the perpendicular direction. The index cal-
culated for each section forms the layer index for each layer of the new slab
waveguide, as seen in figure 3.2. This is solved as before but for the opposite
mode polarity. This gives the effective index for the calculated mode of the

waveguide.

In the concept example shown in figure 3.2, a silicon waveguide is suspended
over a silicon dioxide substrate with a gap, g. The device is then split into three
vertical sections where sections I and III can be taken as air, and section II is
the slab waveguide of air/Si/air-gap/SiO,. If solving for the TE-like mode for
the waveguide, the TE mode solution for the slab is calculated and the index is
taken as ny;. The index of air can be used for both n; and ny;. The TM mode
solution is then found for the horizontal slab waveguide composed of sections
I, IT and IIT as in figure 3.2 (b), and this gives the TE-like mode effective index

of the waveguide. If the waveguide is in motion as a mechanical beam, the air
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Figure 3.2: A schematic for solving the TE-like mode index using the
effective index method for a suspended Si waveguide. (a) The sus-
pended Si waveguide with an air gap, g, is first separated into three
sections: I, IT and III. The slab waveguide mode indexes are calculated
individually for each of these sections. (b) The mode indexes found in
(a) are used to create a new slab waveguide. The index of this slab,
and hence the waveguide, is calculated for the opposite polarity mode
of part (a).

gap, g, will change. To find the rate of change of the effective index due to

the moving waveguide this process is repeated for different g values.

3.4.2 Waveguide based transduction schemes

Directional couplers were one of the first ways to detect nanomechanical beam
motion using optical waveguides [62]. To understand the transduction mech-
anism it is first important to understand how a standard directional coupler
works. A directional coupler consists of two parallel waveguides spaced suffi-
ciently close together so they are within the range of the other guided mode’s
evanescent tail. This enables power to transfer between the waveguides as pho-
tons can tunnel between them. To better understand the coupling of power
from one waveguide to the other, one can also look at coupled mode theory.
The coupling can be regarded as a scattering effect of the waveguide’s mode by
the adjacent waveguide. The scattering can be interpreted as a second source
present in the adjacent waveguide, so therefore the amplitude will change in
the second waveguide [51]. This occurs from the perspective of each individual
waveguide so light is periodically transferred between them. The amount of

light transferred between two given waveguides will depend on the coupling
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length (the length in which the waveguides are parallel to each other) and the
spacing between them [63]. De Vlaminck et al. detected nanomechanical beam
motion by making one of the parallel waveguides a freely oscillating nanome-
chanical beam [62]. With a constant coupling length the spacing between
the waveguides modulates with the nanomechanical beam motion, therefore
modulating the power transferred between the two waveguides. Detecting the

power modulation transduces the nanomechanical beam/waveguide’s motion.

A slot waveguide can also be produced between two adjacent waveguides. In a
slot waveguide the optical power travels in the gap between the two waveguides
and not in the high index region [64]. This will occur when the slot width is
narrower than the field decay length within the slot. In the region the field
will remain high and proceed to travel along it. Suspending the high index
regions surrounding the slot will create two parallel nanomechanical beams.
The oscillating beams will modulate the gap between them, and this changing
gap will modulate the optical property of traveling mode’s index of refraction.
This modulating index change has been detected in an optical ring resonator

[65] to transduce nanomechanical beam motion.

Finally, a waveguide device such as a Mach-Zehnder interferometer (MZI) can
be used to detect nanomechanical motion. A phase shift is created in one of
the interferometer arms due to an index change caused by nanomechanical
beam motion. The spacing between the waveguide and an adjacent object is
modulated with the nanomechanical beam motion. This causes the index of
the arm next to the nanomechanical resonator to modulate and therefore the
overall optical path length of the arm also modulates. The power output due
to the path interference in turn modulates with very good nanomechanical
transduction sensitivity [5, 66, 67]. This method is discussed in detail in

chapter 5.



CHAPTER 3. NANOPHOTONICS 27

3.4.3 Optical cavity based transduction schemes

Nanomechanical transduction benefits greatly with the use of optical cavities.
In the case of an optical disk or ring resonator, light tunnels into an optical cav-
ity and becomes trapped inside oscillating within the structure with low losses.
The wavelength of light that can enter the cavity is determined by the physical
cavity characteristics such as its size and index of refraction [68, 69, 70]. The
optical frequency of the cavity can be changed with nanomechanical interac-
tion and monitoring the change can transduce the nanomechanical motion.
The nanomechanical device can be either physically integrated into the cavity
or it can be adjacent to it as long as it interacts with the cavity’s evanes-
cent fields. The detection has exhibited very high accuracy [6, 65, 71, 72].
Chapter 6 of this thesis thoroughly analyzes nanomechanical interaction with

a racetrack resonator optical cavity.

Photonic crystal optical cavity structures are also being used with great suc-
cess in nanomechanical transduction. The general principle is similar to ring
cavities with a nanomechanical device modulating the optical mode of the cav-
ity [8, 73]. The advantage of using photonic crystal cavities is that stronger
field gradients can be confined in smaller modal volumes compared with total

internal refraction based cavities such as disk or ring resonators [74].

The reason photonic crystals can achieve smaller mode volumes is because
there is little dependence on the k-vector of the light trapped within the cav-
ity. This differs from the total internal reflection mechanism of a channel
waveguide where the light must reach a critical angle to avoid the cut-off re-
gion. The independence on the k-vector results from the dependence on Bragg
reflection to trap light within the cavity [75]. A photonic band gap can be
created in the photonic crystal by engineering a defect, and this band gap
will allow light to enter the crystal at a specific frequency based on the crys-
tal characteristics. These cavities are very sensitive to perturbations caused
by nanomechanical motion and are becoming very popular for investigating

nanomechanical systems [73, 76, 77].
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3.5 Integrated optical actuation

Light can generate two types of optical forces on external objects: scattering
forces and gradient optical forces. Scattering forces are caused by momentum
transfer from the radiating light and act along the k-vector of the light. For
integrated nano-optomechanical systems this type of optical force is not as
important since the mechanical devices in the system are generally parallel to
the light k-vector, as directed by the waveguide, and not perpendicular where
the scattering force would be directed. Gradient optical forces, however, act in
the direction of the strongest optical field. This force would then pull objects
toward an integrated optical waveguide which has significant evanescent fields
radiating from it [78]. In device descriptions discussed above it would mean
one of two things. The free standing waveguide would pull itself toward the
adjacent stationary surface in the case where the nanomechanical beam and
optical waveguide are the same object, or otherwise the stationary waveguide

would pull the adjacent nanomechanical beam toward it.

The optical gradient force can be explained when considering a polarizable
microscopic particle. If this particle is placed in a laterally varying optical
field a dipole will be induced. Once induced, this dipole will experience a
force toward the region of the strongest field. A macroscopic object can be
regarded as a composition of these microscopic dipolar microparticles and the
same principles hold [79]. In the case of the nanophotonic waveguide the
strongest field gradient is at the center of the waveguide, and the attractive

force is centered here.

For physical insight into this optical force, it can be derived from the change
in the eigenmode optical frequency, wopi, between two parallel slab waveguides
separated by a gap spacing of g. The work done displacing the beams a
distance Ag will be equal to the total change in energy due to the shifting

optical mode [80] so that the force can be derived as
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1 dw, 1
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where the negative sign is indicative of an attractive force, U is the total system

energy, k is the wave vector and g,,, is the optomechanical coupling constant.

The optomechanical coupling constant can be understood by looking at the
coupling between the optical modes of the separate waveguides, such as is
described with directional couplers in subsection 3.4.2. A combined coupled
eigenmode will be formed which will change based on the gap spacing between
them. If a symmetric mode is formed the mode index will increase which
leads to a lower frequency and hence a lower energy. This leads to an attractive
force. With the same argument a repulsive force is created in the presence of an
antisymmetric mode. The optomechanical coupling constant will be dependent
on the separation, the refractive index and the waveguide dimensions (which

also determine the coupling between the modes).

This optical gradient force was first demonstrated with a suspended nano-
mechancial waveguide [5]. In this case the coupling was not between two
beams, but the waveguide and the silicon dioxide substrate it was suspended
above. In this case the decreasing gap spacing increases the effective index of
the mode thus only attractive forces are demonstrated. To drive a nanome-
chanical beam this attractive optical gradient force is modulated on the beam
at the beam’s mechanical frequency. This is achieved by varying the amplitude
of a pumping laser as this changing laser energy will then modulate the force
as in equation 3.1. The pump laser is independent of the probing laser and is

filtered out of the system before detection at the photodiode.

3.6 Conclusion

Nanophotonics has proven to be an excellent technology for studying nanome-

chanical motion. Compatible materials allow for easy integration between
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the two fields, and the maturity of the technology creates a low barrier of
entry. Compared to existing technologies it retains the measurement band-
width and displacement sensitivity of traditional optical mechanics, but it
also takes advantage of the optical near-field mechanisms of nanophotonics to
avoid common size restrictions due to diffraction effects. The large operational
bandwidth for both detecting and driving nanomechanical devices also offer
advantages over nanoelectromechanical systems which are limited at higher
frequencies due to the RLC roll-off effects. With the advances in on-chip
light sources and detectors, and the sensitivity of nanomechanical transduc-
tion using nanophotonics, it is a promising technology for developing portable

nanomechanical sensing systems.



CHAPTER 4

Experimental Setup

Nanomechanical beam motion is most often studied while operating under
vacuum. This removes air damping on the beam and increases the ampli-
tude of oscillation making the beam signals easier to detect. With nano-
optomechanical system devices light must be coupled onto the photonic chip
and this can cause complications if the chip is placed inside a vacuum chamber.
To eliminate the complications of using positioning systems inside a vacuum
chamber or fixing the alignment of the optical source to the photonic chip prior
to chamber pump down, a free-space confocal laser scanning system can be
used [81]. This type of system allows flexibility in aligning light into and out
of the photonic chip while the chip is under vacuum, and was used to detect

the nano-optomechanical system devices in this work.

4.1 Confocal laser scanning system for nanopho-

tonic chip coupling

A free-space confocal laser scanner system allows the positioning and alignment
components of a nanophotonic grating coupler system to be placed outside of

vacuum while only the nanophotonic chip is placed inside the vacuum chamber

31



CHAPTER 4. EXPERIMENTAL SETUP 32

[81]. This makes the system similar in complexity to a standard free-space
interferometric setup [82, 3, 83]. The differences arise in the confocal system
having the ability to freely adjust both the position and input angle (k-vector)

of the input laser onto the entrance pupil of the focusing microscope objective.

A set of Fourier transform planes exist between the objective’s entrance pupil
and its focal plane. Changing the position on the entrance pupil will adjust
the k-vector at the focus plane, and changing the k-vector on the pupil will
adjust the position at the focus plane. This is shown in figure 4.1 (a). This
results in the k-vector and position of the input light onto the nanophotonic
chip’s grating couplers to be controlled independently allowing for maximum

coupling efficiency to be easily attained.

The microscope objective captures light from the output grating coupler back
into the free-space confocal system. Typically nanophotonic light sources
(about 1500nm to 1630 nm) output their light to a fiber optic cable so a
fiber collimator is used to transfer light from the fiber system to the free space
system and vice versa. The system schematic is shown in figure 4.1 (b). The
system is illuminated using a halogen light source which is input from the
backside of the system. A CCD camera which operates in near-infrared spec-
trum is used to view the illuminated area on the sample. Since the sensor
does not detect light at the visible wavelength a phosphor coating is used on
the lens. The phosphor fluoresces upon interaction with visible light to be
detected by the CCD camera.

This type of probe system relies on non-optical methods for nanomechani-
cal beam actuation. Typically this includes mounting the optical sample to
a piezo-electric disk to shake the entire sample to provide the driving energy.
The device is typically both driven and detected using the same piece of equip-
ment such as a lock-in amplifier or network analyzer. Thermomechanical noise
signals can also be detected if no driving signal is applied to the nanomechan-
ical device. In this case the TM noise signal can be measured with either a

lock-in amplifier or a spectrum analyzer.
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Figure 4.1: (a) Fourier transform planes in a microscope objective. (b)
Schematic showing the confocal laser scanner-based NOMS measure-
ment setup. C.L.: collector lens, C.L.S.: confocal lens system, H.L.S.:
halogen light source, L.I.A.: lock-in amplifier, M.O.: microscope objec-
tive, P.C.: polarization controller, P.D.: photodetector, S.M.: steering
mirror, T.D.L.: tunable diode laser, T.L.: tube lens, V.C.: vacuum
chamber, and xz F.P.: xz fiber positioner. From reference [81]. Copy-
right 2013 The Japan Society of Applied Physics.

4.2 Pump probe optical setup

To fully take advantage of the frequency bandwidth advantages that a nanopho-
tonic system offers over traditional nanoelectronic systems, the device must
not only be detected using optical methods but driven as well. Nanophotonic
systems offer a simple way to achieve this through the use of optical gradi-
ent forces caused by the waveguides’ evanescent fields. The strength of these
gradient forces is modulated using a time-varying optical power on a separate

pump laser which is added to the system [5]. The schematic with the added
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pumping laser is shown in figure 4.2.
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Figure 4.2: Schematic of the optical pumping and probing measure-
ment system. Two tunable diode sources are used: one for driving the
nanomechanical device and one for detecting it. The two lasers are co-
aligned using a directional coupler and the incident location and angle
of the input light is controlled using a free space confocal setup.

The pump and probe lasers used in the system are both tunable diode lasers
in the telecommunications wavelength range of about 1500nm to 1630 nm.
The tunability allows for more design flexibility since both the pump and
probe lasers can be individually tuned for maximum effect for each individual
device. The pump laser is added to the same laser path as the probe laser

using a directional coupler so no additional alignment is required. The pump
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laser is filtered out of the system prior to detection at the photodiode. If it is
not filtered the mechanical signal would be swamped by signal noise caused by
the pumping laser since the pump laser carries an optical signal at the same

frequency as the mechanical beam, but with a much higher amplitude.

To create modulation on the output power of the pumping laser it is passed
through an electro-optic modulator (EOM). An AC signal is applied to the
EOM which uses interference within it to modulate the output power at the
AC signal frequency. The time varying signal is then passed through an erbium
doped fiber amplifier (EDFA) to increase the optical power in the system and
hence the optical forces on the nanomechanical beam. The EOM, EDFA and
input grating couplers are all polarization dependent so polarization controllers
are used to maximize throughput of these devices. As with the piezo driven
devices a network analyzer or lock-in amplifier is used to both drive and detect
the NOMS structures. A signal is swept across the mechanical frequency range
of the device while it is simultaneously detected. The nanophotonic measure-
ment system offers very good flexibility when working with nanomechanical
samples. The flexibility of aligning to the devices while in vacuum allows for

an easy way to maximize the signals from the nanomechanical beams.



CHAPTER 5

Mach-Zehnder interferometer detection of a side

coupled cantilever

5.1 Introduction

Many early nano-optomechanical system devices required that the nanome-
chanical component function also as a nanophotonic waveguide. In these sys-
tems material beneath the waveguide was etched away to create a freestanding
nanomechanical doubly clamped beam [62, 5, 84, 85]. This method is very easy
to implement but there are some drawbacks to it. The first is the inherent size
limitation on the nanomechanical device. As the device is generally created
from a strip waveguide, which has asymmetric cladding, the waveguide must
be large enough to avoid cut-off and hence support a traveling optical mode.
This places a lower limit on the nanomechanical beam size if the beam must

function as a waveguide itself.

Since a released nanomechanical beam /waveguide becomes a symmetric waveg-
uide (with air cladding on all sides) it theoretically has no size limitations to
meet mode cut-off conditions (see chapter 3). The design of such devices
would, however, require a carefully designed transfer of the mode to and from

the propagating asymmetric waveguide. Fabrication would no longer be as

36



CHAPTER 5. MZI DETECTION OF CANTILEVERS 37

simple as undercutting the waveguide. Another issue with this type of device
is that optical mode propagation losses will increase as the waveguides become
smaller. This is caused by scattering due to the waveguide’s sidewall rough-
ness. This occurs in greater amounts as the optical mode energy present in
the evanescent tail increases with decreasing waveguide size. Energy in the
evanescent field is more greatly affected by the roughness and sidewall scatter-
ing [86]. Fortunately nanomechanical beam size limitations are fairly simple

to circumvent.

An effective option for removing the size limitation is to separate the me-
chanical and photonic elements in a NOMS device. Instead of a mechanical
beam/waveguide interacting with a stationary object adjacent to it, such as the
substrate, an external nanomechanical beam can interact with a standard sta-
tionary waveguide. The waveguide and external nanomechanical beam must
be in close proximity to each other so the mechanical beam motion interacts
with the optical mode’s evanescent field. The mechanical element can interact
with a regular strip waveguide [66, 67] or with an optical cavity structure for
higher sensitivities [6, 71, 87].

This chapter will look more closely at NOMS devices with the nanomechanical
element fabricated externally to a nanophotonic waveguide. Specifically, the
motion of cantilever devices oscillating in plane of the substrate are detected
using a nanophotonic Mach-Zehnder interferometer system. The detection of
cantilever devices without mode carrying size limitations demonstrate that
nanophotonic detection can effectively transduce these types of nanomechan-
ical structures. This gives more options for pursuing the goal toward effec-
tive nanomechanical mass sensors with sub-proton sensitivity. This chapter is

based on the work in reference [67].

5.2 Device design and fabrication

A Mach-Zehnder interferometer (MZI) is used to detect nanomechanical beam

motion. An MZI is a nanophotonic device where light is split equally among
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two optical paths: the detection arm and the reference arm. The detection
arm experiences a change to its optical path length while the reference arm’s
optical path length remains constant. The two paths then recombine and the
interference between them determines the optical power at the output. At
a phase difference of 180°, determined by the optical path length difference
between the two arms, the output will be zero due to complete destructive
interference. For maximum sensitivity the MZI arms should be 90° out of
phase. This will give the greatest amount of power output change for the

smallest change in phase between the two paths.

In the experiment a cantilever is patterned externally to and in close proximity
with the MZI detection arm. As the cantilever oscillates toward the waveguide
it locally increases the effective index of refraction. This increases the optical
path length of the reference arm and changes the interference output when the
paths recombine. The mechanically oscillating cantilever will therefore cause a
modulating power output of the MZI. This is detected to transduce the beam

motion.

The devices were fabricated on a 220 nm silicon device layer, 2um BOx SOI
wafer. CMC Microsystems facilitated the design run using 193 nm line stepper
lithography through a standardized integrated photonics run at the IMEC
foundry. The waveguides were patterned 550 nm wide while the cantilever
devices were patterned approximately 200 nm wide with lengths from 2 pm to
5pm. The spacing between the cantilever and the MZI arm was about 140 nm
as measured by SEM. A simple y-splitter was used in the MZI device with an
arm path length difference of 58.31 pym. An SEM of an MZI and cantilever is

shown in figure 5.1.

To release the nanomechanical cantilevers the sample undergoes a mask-less
timed buffered oxide etch (BOE). This is possible by designing the cantilevers
to be much narrower than the nanophotonic waveguides. The BOx layer can
be completely etched beneath the cantilevers while still anchoring and sup-
porting the waveguides with no extra fabrication steps. A critical point dry is

completed on the sample after the etch to prevent cantilever stiction. A cross
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Figure 5.1: (a) Colorized SEM of Mach-Zehnder interferometer
nanomechanical cantilever detection device taken at 75° tilt. (b) Col-
orized SEM of a cantilever adjacent to the MZI taken at 75° tilt. (c)
SEM of similar cantilever to (b) but drawn toward the MZI arm due
to electrostatic forces caused by the SEM charging. The optical path
length of the MZI arm will change adjacent to the cantilever. Adapted
from [67].

sectional view of this mask-less etch is shown in the schematic in figure 5.2
(a).

To ensure that the cantilever devices do not carry traveling optical modes
the devices were simulated with a 3D model using Lumerical FDTD software.
The fundamental mode of the cross section of the waveguide adjacent to the
cantilever is calculated. Although the presence of the cantilever slightly breaks
the symmetry of the traveling mode and pulls the energy slightly into the gap
region no energy is guided in the cantilever core. This is important to verify the
device does not have a minimum size. The simulation also provides information

on the effective index of the propagating mode and how the effective index will
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change based on the changing gap between the cantilever and the waveguide.

The simulated mode is shown in figure 5.2.
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Figure 5.2: (a) The simulated optical mode of the waveguide adjacent
to a resonator released using a mask-less BOE step. The optical mode
does not travel in the silicon beam, and the etch step only partially
etches underneath the silicon waveguide. (b) The simulated effective
index of the mode versus the gap spacing between the waveguide and
the cantilever.

The motion of the cantilever is transduced through the modulating optical
path length caused by the cantilever’s oscillations. For the strongest change
in the optical path length the cantilever oscillates in the wafer plane toward
and away from the waveguide. To actuate the device it is mounted on a shear
mode piezoelectric crystal using double sided tape. The cantilevers are oriented
perpendicular the to the piezo’s direction of motion and the entire sample is
shaken as a frequency swept signal is applied. The power modulation caused
after the MZI arms recombine and interfere (with a modulating optical path
length on the detection arm) is detected using a New Focus 1811 IR DC-125
MHz photoreceiver and an HP 8752C network analyzer. The network analyzer
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is also used to drive the piezo disk.

5.3 MZI device detection

To detect the device light is first coupled into the system using a confocal free
space nanophotonic setup similar to that in figure 4.1. The detection laser is
a Santec TSL-510 fiber coupled tunable diode laser, and grating couplers are
used to couple the laser light into the device. To eliminate air damping the
sample is placed in a vacuum chamber with pressure lower than 1 x 107> Torr
[81].

To find the 90° MZI arm phase difference and maximum transduction point
the diode laser wavelength is scanned and the DC optical power measured. A
sample scan is show in figure 5.3 for an MZI device before and after the mask-
less BOE. The maximum transduction will occur when the probe laser is at
the point of greatest slope. This is due to the fringes shifting to the left and
right as the cantilever changes the optical path length of the reference arm.
This shift will be detected with the greatest power change as the probe laser
is sitting at the constant wavelength with the greatest slope. The large fringes
correspond to constructive and destructive interference of the two MZI paths.
The overall envelope is caused by the limited bandwidth of the grating couplers
while the small fringes on the signal are caused by the weak Fabry-Perot cavity
created between the input and output grating couplers. The extinction ratio
for the MZI device is greater than 20 dB.

The mask-less BOE etch does not have a significant affect on the operation of
the MZI device. This is apparent as the slope of the DC optical wavelength
scan remains approximately equal before and after the etch. The effective
refractive index can also be extracted from the scan and changes from 2.49 to
2.42 at 1550 nm due to the etch. This agrees with FDTD simulations. The
decrease in refractive index corresponds to the optical mode interacting more

with air than with SiOs. The coupler envelope also shifts, but no data can be
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Figure 5.3: DC optical wavelength scan of an unetched (dashed) and
mask-less buffered oxide etched (solid) MZI structure. Adapted from
[67].

derived from this as the envelope is dependent partially on the angle of incident

light into the coupler which is not measured in the experimental setup.

The NOMS MZI readout mechanism is tested by looking at the mechanical
resonance frequencies and mechanical quality factors of different cantilevers.
The optical probe power at each cantilever is set to about 70 pW. A typical
frequency response is shown in figure 5.4 with a 300 Hz measurement band-
width and 16 times averaging. The device measured is 4.5 pm long and 234 nm
thick in the oscillating direction as measured by SEM. The device is 220 nm
wide and this is defined by the device layer thickness of the integrated pho-
tonic SOI wafer. Devices with mechanical frequencies from 10 MHz to 60 MHz
are measured and all have mechanical Q-factors around 20000 as listed in ta-
ble 5.1. Even though the cantilever only interacts with a small portion of the
MZI arm, the detection method is still effective at transducing the cantilever

signal.

The mass sensitivity of a single cantilever is estimated by measuring its fre-
quency stability while implemented into a phase-locked loop (PLL). The fre-

quency stability is measured experimentally using the Allan deviation [38].
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Figure 5.4: Frequency response curve of a typical cantilever (left inset)
detected using an MZI device. The Allan deviation of this device is
plotted in the right inset for various sampling time constants, with
the error bars significantly smaller than the size of the data points.
Adapted from [67].

The PLL actuates the device at its mechanical resonance and tracks the change
in the phase response, applying feedback to keep the frequency as stable as
possible. The inset in figure 5.4 shows the Allan deviation for various sam-
pling time constants. The negative and positive slope values are consistent
with white noise and random walk noise sources, respectively. Estimating the
mass sensitivity using equation 2.28, dm = —27<%jw, with a 5 second sampling
time and an Allan deviation of 8 x 107 gives an estimated mass sensitivity of
approximately 2 zg for a cantilever with a mass of 54 fg. This initial measure-
ment beats the reported state-of-the-art sensitivity for top-down fabricated
devices, which is impressive as the measurement was taken with a 5 times

higher mass resonator and at room temperature as opposed to 4 K [88].

Verifying the interferometric detection scheme is important as a mechanism
based on a changing phase is much more conducive for use in a multiplexed
system. If the detection mechanism is dependent on scattering losses caused
by the cantilever /waveguide proximity, successively more and more power will

be lost for each added device causing signal degradation. With a phase de-



CHAPTER 5. MZI DETECTION OF CANTILEVERS 44

Table 5.1: List of cantilever dimensions, resonant frequencies, and me-
chanical quality factors

Length (pm) Thickness (nm) Gap (nm) Frequency (MHz)  Qmechanical

2.0 190 149 60.43 41300
2.5 203 109 43.21 19500
2.5 193 155 38.53 16100
3.0 194 140 26.25 25300
3.0 237 136 32.45 18600
3.5 192 135 20.90 16200
3.5 238 129 23.99 22900
3.5 185 151 19.22 35500
4.0 198 120 16.02 21200
4.0 186 146 14.69 20700
4.0 245 141 18.40 26200
4.5 234 145 14.62 26700
4.5 234 140 14.56 17800

tected system each individual device could be tuned to respond at a specific
wavelength, therefore avoiding higher and higher losses with a larger number of
multiplexed devices. In a phase system a single wavelength could also be used
for detection if the devices could be differentiated based on their mechanical
frequency. Multiplexing offers a solution to the issue of low capture efficiency
for small nanomechanical structures. A large array could be implemented to
offset the small individual size, and efficient multiplexing would reduce the

overall complexity of the readout system.

The mechanism of the nanomechanical cantilever changing the optical path
length in one MZI arm (and therefore the phase of the signal) is verified by
looking at the strength of the detected mechanical signal as a function of
the probe laser wavelength. The mechanical signal strength should follow the
magnitude of the DC transmission slope which corresponds to the constructive
and destructive interference fringes of the MZI. If scattering losses were the
primary mechanism the signal would be dependent on the magnitude. As

figure 5.5 shows the signal magnitude does scale with the optical transmission
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slope. The signal magnitude is measured by the amplitude of the signal, with
the error calculated from the fitting error in the peak height. The trends
match very well, with the maximum and minimum signals corresponding to
the maximum and minimum MZI slope. Positive and negative values for the
normalized signal are dictated by the relative phase difference of the signals.
The positive and negative signals are separated by a phase of 180° which

corresponds to half of an MZI fringe.

5.4 MZI device optomechanical calculations

Lastly, the displacement detection responsivity and the optomechanical cou-
pling constant can be estimated for the 4.5 pm long, 234 nm thick and 220 nm
wide device in figure 5.4 . In the estimation the simulated effective index ver-
sus gap spacing curve found in figure 5.2 (b) is used to find the index change
per gap spacing of —2.8 x 107> nm ™! at the fabricated gap spacing of 145 nm.
The phase change due to the cantilever moving toward a waveguide will equal
[37]

27 ONeg 27
Ap = Ang—I1=A —1 1
) Tleff h\ g 89 A (5.1)

where ¢ is the phase, neg is the effective index of refraction of the mode, A is
the free space wavelength of the probe, [ is the length of the resonator, and
g is the gap spacing between the cantilever and the waveguide. ag—;ﬁ is the
change in the effective index due to the changing gap spacing and is taken
from simulation. Ultimately this will cause a change in the output power of
the MZI and the transduction coefficient, the change in transmission power

due to the changing waveguide-cantilever gap, is defined as

0T(¢) _ 9T(¢) 9¢

dg d¢ g

(5.2)
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Figure 5.5: (a) Normalized DC optical power as a function of probe
wavelength (triangles) over more than a complete MZI fringe in arbi-
trary units. The numerical slope of the smoothed power transmission
curve is shown with the dashed line. The measured mechanical signal
is plotted with circles, with the error bars representing the error in the
fitted peak height. Adapted from [67] (b) The mechanical signal peak
heights corresponding to different peak values with solid lines repre-
senting their Lorentzian fit. The high noise level in the mechanical
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response is caused by a low driving signal.

9T(9)

Here

46

30 equal to the phase sensitivity, and g—‘ﬁ derived from equation 5.1. To

take into account the mode shape of the cantilever and the fact that there will

be a varying gap along the length of the cantilever the factor § is introduced.
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B is the average displacement factor of the resonator and is derived from the
average value of its mode shape in reference to the tip displacement. This is

0.394 for the first cantilever mode. As such equation 5.1 reduces to

0 _, 2 O
99~ N dg

31 (5.3)

Finally, phase sensitivity can be calculated from the DC optical wavelength
scan of the device. This is done by converting the power change caused by
a changing wavelength to a power change caused by a changing phase. To
convert the relation that the free spectral range, F'SR is equal to a 27 phase
shift is used. 9T'/OA is simply the slope of the optical DC transmission curve
at the probe wavelength.

OT(p) 9T OA 0T (F_SR>

96 9706 ox \ 2n (54)

Using these equations the device in figure 5.4 is probed at 1562.6 nm with a
OT/OX of 1.6pyWnm~! and a FSR of 9.24nm. This gives a phase sensitivity
of 2.0 x 107*radnm~! and a transduction coefficient value of 468 pW nm™".
This transduction coefficient estimates a cantilever tip peak displacement of

about 25 nm for this device.

The displacement sensitivity of the MZI device can also be calculated using the
transduction coefficient value. The sensitivity is determined by the minimum
displacement amount that will give a signal larger than the measurement noise

—-1/2

floor. The measurement noise floor is 8.6 x 1072 W Hz~'/2, which gives a

displacement sensitivity equal to 18 pm Hz~1/2.

5.5 MZI NOMS pump probe

To fully take advantage of the high frequency and operational bandwidth ben-
efits NOMS devices have over traditional nanomechanical actuation and trans-

duction methods, it is important to be able to drive the nanomechanical device
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optically as well. This is accomplished by modulating an optical gradient force
on the beam caused by a guided pumping beam’s evanescent fields. The power
of the pump is modulated which modulates the strength the beam is pulled

toward the waveguide. A schematic of the system is shown in figure 4.2.

A 4.5pum long cantilever device with a mechanical Q-factor of 13500 is im-
plemented into the optical pump/probe system. The probe laser is situated
at the area of largest optical DC transmission slope for greatest transduction,
while the pump laser is tuned about 10 nm away to be heavily attenuated by
the band-pass filter that only allows the probe laser to reach the photo diode.
The wavelength of the pump beam is not critical as a broadband y-splitter is
used to separate the paths in the MZI, and it interacts with the nanomechan-
ical beam before the paths recombine. The DC power of the probe laser at
the cantilever is 180 pW, 270 nW, 360 pW, and 450 pW corresponding to an
AC modulation on that power of 24 pyW, 36 pW, 48 pW and 60 pW, respec-
tively, for the responses shown in figure 5.6. The measurements were taken at

a measurement bandwidth of 10 Hz and no averaging.
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Figure 5.6: Mechanical response of a cantilever both driven and de-
tected using an all optical nano-optomechanical system setup.

The asymmetry seen in the peak could be caused by the mixing of the modu-

lating pump laser with the signal from the nanomechanical response. The two
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signals will add with varying phase across the frequency scan to first cause a
reduction in the noise floor before reaching the signal peak. This is also sup-
ported by the fact that the noise floor increases off resonance with higher AC
pumping powers. This indicates that some of the pump laser’s signal is passing
through the filter and reaching the detector. The erbium doped fiber amplifier
used to increase the pump laser power also broadens the laser’s line-width so it
is plausible that some of the signal passes through the filter. This asymmetry
should be decreased with either a wider separation between the wavelength
of the probe and pump lasers or also by tuning the pump laser to an optical
wavelength where there is complete destructive interference upon recombina-
tion in the MZI. Both of these actions should reduce the total amount of pump

laser signal at the detector and hence the amount of nonlinearity in the signal.

5.6 MZI readout discussion

A maximum mass sensitivity for a device can be achieved while it is operating
just below the onset of non-linearity at its critical amplitude. This follows
from the relation of mass sensitivity to the dynamic range of the device, dm =
2(me/Q)107PR/20 [1], where the dynamic range, DR, will be maximized if the
device is driven just below its critical amplitude. For a cantilever this critical
amplitude is given by Ymax canti = D-46 (l / \/@) [89]. For an optimal design the
gap should be close to this critical amplitude. The device in figure 5.4 has
a critical amplitude of about 184 nm and this is fairly well matched to the

140 nm gap spacing.

A special characteristic of the NOMS readout mechanism is the ability to
increase or maintain the dynamic range of the device as it is scaled smaller.
As a nanomechanical beam decreases in length the critical amplitude becomes
smaller. This enables the device to be placed closer to the nanomechanical
waveguide which increases the value of Oneg/0g. The exponential Oneg/0g
dependence will lead to gains over the linear dependence on length for both the

critical amplitude [90] and the transduction coefficient as the device becomes
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smaller.

A shorter beam length can also be dealt with by switching to NOMS detection
with an optical cavity. An optical cavity with high finesse increases the slope
of the transmission versus phase curve which therefore leads to gains in the
transduction sensitivity. All these gains lead to better detection at the lower
end of the dynamic range so the full dynamic range can be realized. A high
DR equates to good frequency stability which could lead to maintaining part
per billion frequency fluctuations while scaling top-down fabricated nanome-
chanical resonators below femtogram masses. With these characteristics the

sub-dalton mass sensitivity regime should be accessible to NOMS devices.

5.7 Conclusion

Mach-Zehnder interferometer integrated photonic devices are used to detect
size independent nanomechanical cantilevers. This is achieved by fabricating
the nanomechanical devices adjacent and external to the photonic waveguide
structure to remove the size dependent properties for carrying a traveling opti-
cal mode. The cantilevers oscillate within the evanescent field of the detection
arm of an MZI and this causes a modulating phase change in the arm. This
is detected through the modulating output power after the two MZI arms re-
combine and interfere. A simple y-splitter is used to create the two MZI paths
which allows for broadband operation. The devices are driven in the plane
of the wafer by mounting the photonic chip to a frequency swept shear mode

piezoelectric crystal.

The traveling optical mode of the waveguide and adjacent cantilever is sim-
ulated verify the geometry does not support traveling optical modes in the
cantilever. The external cantilever would also allow analyte particles to de-
posit on the mechanical sensor without disrupting any optical modes. This
disruption could cause signal loss and degradation. The device’s frequency
stability is measured while being driven in a phase-locked loop and an approx-

imate mass sensitivity of 2zg is measured. This level is state of the art for



CHAPTER 5. MZI DETECTION OF CANTILEVERS 51

top-down fabricated mechanical resonators. The displacement sensitivity of

the device is also found and is equal to 18 pm Hz /2,

The phase interaction mechanism of the MZI cantilever detection is verified.
If using a nanomechanical beam as a mass sensor one drawback would be the
beam’s low capture efficiency. This can be mitigated by making a large array
of nanomechanical sensors and multiplexing them for measurement in parallel.
Phase based detection, as opposed to scattering based, should allow signals to

remain high with each additional multiplexed beam.

Finally, the cantilever devices are driven using an optical pump to demonstrate
all optical operation. This takes full advantage of optical signal properties for
a large operational bandwidth. This could prove advantageous for nanome-
chanical sensors as they tend to increase in frequency as they become smaller
in pursuit of higher mass sensitivity. Optical operation does not suffer the
disadvantage of frequency roll-off which electronic systems are susceptible to.
The NOMS actuation and detection method is also well suited for decreasing
device sizes as their transduction ability can actually increase as the system is
scaled down. These properties demonstrate the potential of NOMS actuation

and transduction in state-of-the-art nanomechanical mass sensors.



CHAPTER 6

Racetrack resonator transduction of

nanomechanical cantilevers

6.1 Introduction

To improve the detection capability of a NOMS system it is important to
take advantage of optical cavity structures. An optical cavity will trap light
within it which allows the light to interact many times with a nanomechanical
structure instead of just once. How well an optical cavity traps light is defined
by its finesse, §, which describes how many times light will circulate within
the cavity before it dissipates. Compared to a Mach-Zehnder interferometer
structure, as described in chapter 5, an equivalent optical cavity system with

a finesse greater than 2.5 will yield superior transduction capabilities [37].

This chapter describes the nanophotonic detection of nanomechanical can-
tilevers using an integrated racetrack resonator optical cavity. The optome-
chanical coupling strength is investigated in relation to both nanomechanical
beam and gap characteristics. It is verified using thermomechanical (TM)
noise measurements of cantilevers with various lengths next to racetrack res-
onators at various gap spacings. The results compare favorably to derived

expressions relating these parameters. The optomechanical coupling constant

52



CHAPTER 6. RACETRACK RESONATOR TRANSDUCTION 53

is also derived from the TM noise of devices along with their DC optical power
transmission responses. The racetrack resonators and external cantilevers can
be both driven and detected optically, and the transduction is shown to be sen-
sitive enough to detect the thermomechanical motion of an 80 fg modal mass
cantilever operating at atmospheric pressure and room temperature. This

chapter is based on the work found in reference [87].

6.2 Nano-optomechanical system geometry

Following from the design principles of the MZI device in chapter 5 a nanome-
chanical cantilever is fabricated adjacent to the nanophotonic structure to
remove the size restriction from the optical mode condition. This is a natu-
ral evolution from earlier devices which utilized a waveguide directly as the
nanomechanical beam [62, 91] but have more recently moved toward separate
mechanical beams and photonic waveguides [66, 71, 67, 92, 93]. The mechani-
cally independent structures not only remove the requirement of the mechani-
cal beam supporting a guided optical mode, but any analyte masses added to
the mechanical sensor will not disrupt the optical modes of the nanophotonic

device.

Like the MZI device the racetrack resonator detection method relies on the
external cantilever oscillating toward and away from the optical structure. As
the gap spacing between the cantilever and the optical structure changes so
does the effective index of refraction of the area adjacent to the cantilever. In
the racetrack resonator case the optical path length in the cavity will then be
modulated and hence so will the optical resonant frequency of the cavity. Fig-
ure 6.1 shows the DC optical transmission spectrum of a racetrack resonator as
the probe wavelength is swept across it. The inset demonstrates a hypothetic
optical resonance shift as the path length is changed due to the deflection of a
nanomechanical beam. The racetracks are implemented into an all pass con-
figuration in which a single bus is adjacent to the optical cavity. At resonance,

optical power couples into the cavity causing a dip in the transmission.
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Figure 6.1: DC optical power transmission spectrum of a racetrack res-
onator optical cavity in an all pass configuration. The overall envelope
is due to the limited bandwidth of the optical gratings used to couple
light onto the chip. The inset illustrates the detection mechanism in
which the deflection of a nanomechanical beam causes a shift (repre-

sented by the dashed line) in the optical resonance of the racetrack
resonator. Adapted from [87]. Copyright 2014 IOP Publishing Ltd.

6.3 Derivation of the nanophotonic transduc-

tion responsivity

As with the MZI device the nanomechanical resonator peak displacement can

be estimated using the transduction coefficient [37, 67]

T (¢) _ 0T(¢) 09
99 09 g

(5.2)

where the first term on the right hand side of the equation relates to the optical
cavity properties while the second term on the right hand side is dependent

on the device’s optomechanical coupling constant. This is expanded using
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experimentally accessible parameters by substituting equations 5.3 and 5.4

into equation 5.2 which results in

OT(¢) (0T FSR\ (21 Oneg
9y (a 7) (7 99 Wc) (6.1)

Here, [ = x (. in which [ is the optical cavity length and y is the proportional
length of the mechanical resonator to the length of the optical cavity.
More generally, equation 6.1 can be expressed in terms of the optical cavity

properties. To start, the normalized transmission (hat notation) of an all pass

ring resonator is defined as [94]

. B Tme + (23/%)2 sin(¢/2)?
T(¢) = < 1+ (2§/7)% sin(¢/2)? ) (6.2)

where T:c,min is the minimum of the normalized transmission at the bottom of
the optical dip and § is the finesse of the cavity. The phase sensitivity at the

maximum slope can then estimated as [37]

which leads to a maximum transduction coefficient for normalized transmission

as:

(19) (35 na)s) (5 2000) o

For a non-normalized transmission, if Ty is equal to the power entering the
ring, and « is the extinction ratio of the dip measured in dB, the transduction

coefficient becomes:

IT(¢) B 3v/3 —a/ 27 ONegr
( ag )max = 8_7'{' Th (]. — 10 10) 5 (T ag ﬁXlC> (65)
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To now derive the transduction coefficient dependence on the optomechanical
coupling constant, gom = 2m(Jv/dg) with v = ¢/\, the following relation is
used which is derived from the chain rule (note that gy, should not be confused

with the gap spacing, g)

Gom o aneff c
21 09 ANeg

(6.6)

The transduction coefficient in terms of general optical cavity metrics then

becomes:

or 3v/3 . om '\ e
(50),. -2 n 00 () o on

Here, the system responsivity is shown to be proportional to the input power,
Ty, the cavity finesse, §, the optomechanical coupling constant, g., and the
cavity length undergoing interaction, xl.. Its implications are further dis-

cussed in section 6.9.

6.4 Extraction of absolute displacement and

the gom

If the device is resonating due to thermomechanical fluctuations equation 6.7
can be manipulated to equate the total signal power integrated over the fre-

quency response, Pita1, With the tip displacement due to the TM noise 2peak:

3v3 e om'\ Me
Ptotal ~ ZpeakT TO (1 —10 /10) % <g2_7r> cﬁ ﬁX lc (68)

With knowledge of the cavity properties and the noise spectrum power the TM
displacement can be measured at cantilever resonance. Exact cavity properties
do not even need to be directly calculated if 0T(¢)/0¢ is measured from the
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DC optical transmission curve and equation 5.4. Equation 6.8 can then be

expressed back in its original form

Ptotal ~ 2T aneff
s = (5) () ] (09

where the device dimensions can be used in conjunction with finite difference

time domain modeling to estimate the square bracketed d¢/dg term. From
these measurements the absolute value of the displacement caused by the TM

noise can be estimated, and this is shown in figure 6.7.

It is also possible to estimate the g, from a series of TM noise measurements.

First, equation 6.9 can once again be rewritten to include the go,, term:

Ptotal ~ go_m 27Tneff
W ~ Zpeak {( o ) - /BXZC] (6-10)

With this form of the equation the theoretical calculations of the TM noise dis-
placements can then be used in conjunction with a series of the TM noise curves
to experimentally determine the g, for different gap spacings. The optome-
chanical coupling constant is extracted from the slope of the P,ota /(0T (¢)/09)
VETSUS Zpeak X lc curve at each gap value. This is a distinct method of directly
measuring the gom, [95, 96] in any case where the DC optical transmission spec-
trum can be measured and the effective index simulated. It is important to
note that this method of measuring the g,,, does not require the devices to be
optically driven, nor does it require a measurement of the optical force on the
device [80, 97, 98, 91]. It can also be implemented without an AC calibration
signal [95].

6.5 Device fabrication

A racetrack resonator optical cavity structure is chosen to detect the nanome-

chanical cantilever. A racetrack is chosen instead of a more conventional ring
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resonator so the cavity has a flat region to run parallel to the cantilever and
the cavity-beam interaction can occur in a straightforward manner. An all
pass cavity configuration is used where the oval racetrack is adjacent to the
waveguide bus on one side with the nanomechanical cantilever on the other as
shown in figure 6.2. The optical cavity length around the racetrack determines
the characteristic wavelengths in which light can couple from the waveguide
bus into the optical cavity structure. The light becomes trapped within the
cavity and completes a certain number of oscillations before dissipating and
this number describes the optical finesse, §, of the cavity. The structures fab-
ricated have finesse values around 50 to 70. The devices were not optimized
for maximum finesse and this explains their relatively low values compared
to typical integrated photonic optical cavities. Even with these lower finesse
values the nanomechanical transduction characteristics for the system are still

very good.

The devices are fabricated on standard integrated photonics SOI wafers with
a 220 nm silicon device layer and 2 pm buried oxide layer. They are also fabri-
cated using standard integrated photonics methods with I-line lithography at
the IMEC foundry. The fabrication was facilitated through a CMC Microsys-
tems design competition. Cantilevers 1.51m to 5um long and about 160 nm
wide were fabricated with gap spacings from the racetrack resonator of 70 nm
to 160nm. The fabricated width of the cantilevers has a +10nm variation
due to proximity effects during the lithography patterning, with the thicker
beams fabricated with smaller gaps. The waveguides are 430 nm wide and the
racetracks have a 5 pm bend radius and 3 pm long straight portion. The can-
tilever base is aligned to the beginning of the straight portion of the racetrack
if the cantilever is shorter than 3 pm, and if longer than 3pm the cantilever
tip is aligned to the end of the straight portion of the racetrack. This is to
ensure that the maximum deflecting portions of the cantilever are interacting
with the straight portion of the racetrack, and also that the anchor pad of the

cantilever is as far away from the waveguide as possible.



CHAPTER 6. RACETRACK RESONATOR TRANSDUCTION 59

Figure 6.2: Colorized SEM of (a) a top down view of a typical racetrack
resonator used to detect the nanomechanical cantilever (top) and (b) a
close up view taken at 70° tilt of a released cantilever adjacent to the
straight portion of the racetrack resonator. The oscillating mode of the
cantilever moves toward and away from the waveguide. Adapted from

[87]. Copyright 2014 IOP Publishing Ltd.
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Figure 6.3: (a) Cross sectional view of the traveling optical mode sim-
ulation of a waveguide (center) with a smaller released mechanical res-
onator adjacent to it (right). The simulations were performed using
finite difference time domain software. The mode is mostly confined to
the waveguide, but it is also pulled slightly into the waveguide-resonator
gap. The waveguide is partially under-etched while the mechanical res-
onator is being released using an isotropic wet etch. Adapted from [87].
Copyright 2014 IOP Publishing Ltd. (b) The simulated effective index
of the mode versus the gap spacing between the waveguide and the
cantilever.

To facilitate a mask-less BOE release step the cantilevers are fabricated much
narrower than the waveguides. This enables a timed undercut to remove the
silicon dioxide from underneath the cantilever while the waveguides remain
supported. This etch step is not expected to significantly affect the losses in
the waveguide as sidewall roughness is the main contributor [86]. The narrow
size of the nanomechanical cantilevers also prevent the beams from carrying an
independent traveling optical mode. This can be seen in the finite difference

time domain (FDTD) simulations of the mode which are completed using
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commercially available Lumerical FDTD software and shown in figure 6.3.
The simulations are also used to plot the effective index change versus gap

spacing for the cantilever next to the waveguide.

6.5.1 Measurement system

The devices are detected using a free-space confocal lens system coupling
scheme [81]. A tunable diode laser is coupled onto the nanophotonic chip
using focus grating couplers. The free-space confocal system allows the posi-
tion and k-vector of the laser light on the grating couplers to be easily ma-
nipulated while the sample is in vacuum so maximum coupling efficiency may
be achieved. The system is modified slightly with the addition of a second
pumping laser. The second laser passes through an electro-optic modulator to
varying the pump beam power and the optical gradient forces caused by it.
The two lasers are combined along the same path using a directional coupler.
A band pass filter is used to block the pumping beam prior to the photodiode
detecting it. The complete setup is described in chapter 4.

TE-mode light is coupled into the chips through the grating couplers. For out
of plane motion TM-mode light has a better phase sensitivity for waveguide-
mechanical beam gaps below 100 nm, so with in plane motion TE-mode light
should perform better. The difference between the modes becomes negligible
with gaps above 100nm [37], however, and this is how most of devices are
fabricated. Unless otherwise stated the device measurements are taken at room
temperature and at pressures below 1 x 107 Torr to eliminate air damping on

the nanomechanical devices.
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6.6 Thermomechanical noise measurements,

analysis and g,,, extraction

A large array of devices with varying nanomechanical beam lengths and optical
cavity gap spacings are used to verify the transduction coefficient’s dependence
on the cavity properties and optomechanical coupling constant. Although the
racetrack resonator optical cavities are designed to be identical variations arise
in their optical properties due to slight non-uniformities in the fabrication.
The optomechanical coupling constant is varied in a more controlled manner

by changing the gap spacing between the cantilever and the racetrack.

A DC transmission scan, such as in figure 6.1, is performed prior to each
measurement to ensure the maximum signal is achieved. In an all pass con-
figuration the optical resonances correspond to the transmission dips. The
maximum signal is achieved by setting the probe wavelength to the empir-
ically determined location of highest DC optical scan slope which sets the
probe to the largest possible 0T (¢)/0¢. Typically this is found on the largest,
center dip. The steepness of the slope on the sides of the optical resonance are
determined by the optical properties of the racetrack resonator such that with
two racetracks near critical coupling the device with a higher optical finesse
will have a larger slope. The shifting optical resonance due to the modulat-
ing effective index caused by the nanomechanical beam motion causes an AC
power modulation at the constant prove wavelength which is detected at the

output photodiode.

The TM noise measurements are taken using an Agilent 8593e Spectrum An-
alyzer with a 1kHz bandwidth and 16 times averaging. A typical response is
shown in figure 6.4. The response shown is for a 4.86 pm long cantilever with
a 110nm gap between it and the racetrack resonator. The signal is fit to a
Lorenzian-like peak at y = yo + A[(f2 — f2)2 + (f2/Q)2] "% where f, is the
frequency of the mechanical resonator and () is the mechanical quality factor.

For the analysis the main point of interest is the measured signal’s frequency
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integrated total power.
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Figure 6.4: Thermomechanical noise response of a 4.86 pm long can-
tilever with a 110 nm gap spacing taken at 1kHz bandwidth and 16
times averaging.

The TM noise signal was measured for each of the cantilever devices of various
length and gap spacing. Figure 6.5 plots the strength of the signal as a function
of the cantilever length and the varying gap spacing between the cantilever
and racetrack resonator optical cavity. As expected from equation 6.10 and
figure 6.3 (b) the signal strength increases with longer devices as there is a
larger area of phase change in the cavity. The signal also increases with smaller
gaps which increase the g,,. To more readily compare the devices, which are
each measured with their own optical cavities, the signals are normalized by
each device’s individual 0T (¢)/0¢ value. This removes the dependence of the

signal on the optical cavity properties.

To extract the gom/27m value the linear slope of the Piota/(0T(¢)/0¢) verses
X lc Zpeax 1s extracted from device sets having the same gap spacing. The 2peax
in the independent variable is theoretically calculated according to 1/2keg(z)? =
1/2kpTx. Here (z) is the RMS displacement of the cantilever tip (2peak =
V2 (2)), kg is the Boltzman constant and Tk is the temperature in Kelvin. II-
lustrated in figure 6.6 the g, /27 values of about 6.5 GHznm ™! to 24 GHznm ™!



CHAPTER 6. RACETRACK RESONATOR TRANSDUCTION 64

& 70 nm

0.3 -®-90 nm
T -4 110 nm
g 1 “¥ 130 nm
= - 140 nm
€02+ < 150 nm
Iz -+ 160 nm
e
3 J
N
©
£0.14
o)
prd

0.0 L I L I L I L I L I L I L I L I

1.0 15 20 25 30 35 40 45 50
Length [ um]

Figure 6.5: The TM noise signal power of cantilever devices of varying
length and gap spacing between itself and the racetrack resonator. The
signal is normalized by 07'(¢)/0¢ to account for the varying optical
cavity properties. Adapted from [87]. Copyright 2014 IOP Publishing
Ltd.

for gap spacings of 160nm to 90 nm extracted from these slopes match well
with the values calculated from the simulated Oneg/0g values in figure 6.3 (b).
This confirms the optomechanical coupling constant’s effect on the transduc-

tion coefficient.

Lastly, to verify the total relation between the transduction coefficient, the
optical cavity properties and optomechanical coupling constant, the cantilever
tip displacement is calculated for each individual device. This displacement is
compared to the theoretical displacement calculated from the nanomechanical

cantilever’s thermal energy. This is shown in figure 6.7.

The displacement sensitivity of each device can be calculated in a manner sim-
ilar to that of the tip displacement. For these calculations the noise floor is
divided by the transduction coefficient instead of the total power. With an in-

put optical power of approximately 250 pW the noise floor of the measurements
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Figure 6.6: The optomechanical coupling constants calculated from
normalized TM noise signal powers of cantilevers of various lengths for
different gap spacings. Simulated ¢, /27 values are extracted using

Lumerical FDTD software. Adapted from [87]. Copyright 2014 IOP
Publishing Ltd.

is about 8.5 pW Hz~ /2. Depending on the transduction coefficient of each de-
vice this leads to a displacement sensitivity of approximately 16 fm Hz='/2 to
230 fm Hz /2 with the majority of the devices lower than 100 fm Hz='/2. The
OT(¢)/0z values are in the range of 47nW nm™! to 537 nWnm™'.

6.7 Optical pump and probe measurements

To increase the signals of the devices an external driving force is required. For
the greatest mass sensitivity the devices should be driven until just below the
onset of non-linearity to operate at the maximum dynamic range of the device
[18]. With the Mach-Zehnder interferometer structures in the previous chapter
the devices were driven using a shear mode piezoelectric crystal, but for great-
est versatility a driving method with less frequency limitations is desirable.

Piezoelectric crystals usually have limited frequency ranges (typically below
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Figure 6.7: Cantilever tip displacements measured by racetrack res-
onator optical cavities. The different data points at each length corre-
spond to devices with varying gap spacings. The spread in the data for
each length is due to the slight variation in the cantilever thicknesses
caused by proximity effects while fabricating the devices with different
gap spacings. The smaller gaps pair with slightly thicker and therefore
stiffer beams. The theoretical values are for average beam thicknesses
of 160£10nm. Adapted from [87]. Copyright 2014 IOP Publishing
Ltd.

20 MHz) and are limited by RLC time constants which make high frequency
operation difficult. As an alternative, it is easy to implement an optical pump-
ing mechanism into a nanophotonic detection setup which does not suffer from
these frequency limitations. An optical gradient force is created between the
waveguide and adjacent cantilever due to the evanescent fields extending from
the waveguide [80, 99, 78]. The pump laser is introduced into the system path
with the probe laser prior to the confocal system using a directional coupler.
This co-aligns the lasers and hence only a single positional alignment of the
laser path is required onto the photonic chip. The pump laser is filtered out

of the system using a band pass filter prior to the photo detector.
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To ensure the band pass filter does not allow any of the pump laser through,
the pump and probe laser are set at different optical resonance modes of the
racetrack resonator. This allows for sufficient wavelength separation between
the two sources. The pump laser is set to the peak optical resonance while
the probe laser is still set to the area of greatest slope. Setting the pump
laser at an optical peak with a high extinction ratio also ensures minimal
pump power reaches the photodiode. The inset of figure 6.8 shows the DC
transmission spectrum of the device. The pump laser is set to the peak of the
center left resonance at 1538.75 nm while the probe is at the center resonance
at 1551.87 nm.
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Figure 6.8: Optical pump and probe response of a 3.91 ym long can-
tilever with a 110nm wide gap spacing from the racetrack resonator.
A modulated drive signal of 145 pW enters the ring. The inset shows
the DC optical transmission spectrum of the device. The pump laser
is set at 1538.75nm and the probe is set at 1551.87nm. The signal is
taken with a 300 Hz bandwidth and 16 times averaging. Adapted from
[87]. Copyright 2014 TOP Publishing Ltd.

To modulate the pump laser, and hence the optical force on the cantilever,
an electro-optic modulator (EOM) is used. The V; for the EOM, the voltage

required to change from maximum to minimum output, is 3V. The pump laser
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is passed through the EOM which is fed into an erbium doped fiber amplifier
(EDFA). The output of the EDFA is set at 8.37mW with a 0 V¢ input to
the EOM. A HP 8752C network analyzer (NA) is used for both driving and
detecting the device. For driving the device a 0.707 V peax signal from the NA is
used to modulate the pump power between 2.70 mW to 14.04 mW exiting the
EDFA. Due to losses in the system from the directional coupler (0.5), beam
splitters, microscope objective (about 0.5) and fiber grating coupler (about
0.85 at peak), the pump laser power entering the ring is modulated between
351W to 180 nW. Figure 6.8 shows the mechanical response for the optically
pumped and probed 3.91 pm long cantilever with a 110 nm wide gap spacing.
The signal is 200 times larger than the TM noise signal measured in vacuum
for the device (not shown). To reach maximum dynamic range a higher laser
pumping power could be used to further drive the device until just below the

onset of non-linearity.

6.8 Atmospheric pressure thermomechanical

noise measurement

If operating a nanomechanical beam as a gas sensor it is not always practical
to take the measurements in vacuum to eliminate air damping and increase the
mechanical signal. Ideally the sensor would operate at atmospheric pressure, or
the pressure of the analyte gas medium, so pumps, valves and flow controllers
would not be required. At higher gas pressures the mechanical beam operates
in the viscous flow regime and the damping decreases the amplitude of the
mechanical oscillations under a constant driving force, which is the cause of

the decreasing signal.

Using an optical cavity is an effective method for detecting these smaller am-
plitudes, and the 3.91 pm cantilever measured above demonstrates this with
the measurement of its TM noise response at atmospheric pressure. The peak

broadens due to damping caused by gas molecules and the signal decreases



CHAPTER 6. RACETRACK RESONATOR TRANSDUCTION 69

due to smaller deflection as shown in figure 6.9. The quality factor, a mea-
sure of the damping, drops three orders of magnitude from 10000 to 30, and
there is also a slight red shift of the TM frequency compared to the optically
pumped device. The frequency shift is caused by the optical spring effect on
the pumped device which is caused by the DC portion of the pump beam. The
quality factor value of 30 fits the expected value from the gas damping model
of a cantilever in the molecular flow regime [100, 101, 102]. Even with the
large amount of mechanical damping the signal is still easily distinguishable,
and this demonstrates the effectiveness of the nanophotonic optical cavity for

transducing nanomechanical beams at atmospheric pressure.
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Figure 6.9: The thermomechanical noise response at atmosphere of a
3.91nm long cantilever with a 110 nm wide gap spacing from the race-
track resonator. The measurement is taken with a 1kHz bandwidth
and 16 times averaging. Adapted from [87]. Copyright 2014 IOP Pub-
lishing Ltd.

The atmospheric measurement also demonstrates the potential for using these
devices in a gas viscosity sensor. The damping on a mechanical beam becomes
dependent on gas viscosity as opposed to the gas pressure while oscillating in

the viscous flow regime [102, 103, 104]. To measure the viscosity, the mechan-
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ical Q-factor of the oscillating beam could be measured.

6.9 Discussion on the optomechanical trans-

duction and mass sensitivity

Equation 6.7 suggests there are many photonic cavity system detection system
properties that can be manipulated to maximize the transduction properties
for nanomechanical beam motion. Looking at the cavity properties them-
selves, it makes sense that the signal is directly proportional to the power
entering the cavity, Ty. The finesse of the cavity is important as the signal is
also directly proportional to it. A high extinction ratio is required to be close
to critically coupling in the optical resonator, but perfect critical coupling is
not required to achieve satisfactory transduction results. With the mechanical
beam characteristics the largest phase change in the optical cavity, and there-
fore greatest optical resonance shift, occurs when the mechanical beam is as
close to the size of the cavity as possible. The beam should also be as close
to the cavity as possible to maximize the optomechanical coupling constant.
All these variables change the transduction coefficient linearly so any change

in each of them will have the same proportional effect.

If operating the device as a nanomechanical mass sensor there are a few other
factors to consider to maximize the mass sensitivity. If probing an unvarying
mechanical device there is a certain limit in which the gains achieved from
higher transduction coefficients no longer matter. This occurs when the noise
floor determined by the optical cavity system is equal to the TM noise signal of
the nanomechanical cantilever. This follows from the mass sensitivity metric
of the minimal detectable frequency shift which is ultimately limited by the
frequency fluctuations caused by the thermal displacement fluctuations of the

nanomechanical beam.

If implemented into a phase-locked loop, these frequency fluctuations can be

decreased by increasing the signal to noise ratio of the driven response to the
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TM noise response. The ratio of the these energies represents the dynamic
range of the device which is always governed at its bottom end by the noise
level of the system [18]. The maximum dynamic range is achieved when the
device is driven just below the onset of mechanical non-linearity. No matter
how low the system noise level is further improvements will not increase the

dynamic range as the TM noise of the cantilever will remain the same.

Gains are achieved with a nanophotonic transduction system due to the system
scaling down very well with smaller devices compared to other measurement
systems. With better transduction capabilities the opportunity arises to al-
ways match the TM noise of the device. In this way the dynamic range can
be maintained as devices become smaller (a method to increase the mass sen-
sitivity), which is not the case with capacitive or free-space optical detection.
The smaller nanomechanical devices lead to smaller displacements, and better
optical cavities can compensate for the smaller detection thresholds. There is
the added bonus that devices with smaller deflections can be placed closer to
the optical cavity which then increases the optomechanical coupling constant
and hence the measured signal further. The upper limit on the g, is set by the
critical amplitude of the nanomechanical resonator where the mechanical re-
sponse becomes non-linear. If increasing the g, does not bring the sensitivity
level in line with the TM noise response of the beam, this can be compensated
for by increasing the phase responsivity using the optical cavity properties.
This flexibility to increase the detection limits is a significant advantage of
using a nano-optomechanical sensing mechanism for transducing the motion

of very small mechanical beams in a mass sensing application.

The mass sensitivity of these devices is expected to be similar to the Mach-
Zehnder devices in chapter 5 and around the zeptogram level [67]. Tmprove-
ments are expected since the transduction properties of the racetrack optical
cavity are superior to that of the MZI. This is apparent in that the thermome-
chanical noise is measurable for similar devices with the racetrack resonator
transducer, but not with the MZI transducer. Mass sensitivity gains are ex-

pected since stronger signals lead to reduced phase noise which allows better
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feedback control using a phase-locked loop, and hence better frequency stabil-
ity. Also, the racetracks allow the ultimate bottom end of the dynamic range
to be detected with the TM noise. The zeptogram sensitivity level corresponds

to the mass of individual proteins.

To differentiate between different proteins based on only their mass, yoctogram
mass resolution is required. To circumvent this limitation other methods may
be used in conjunction with mass sensing to analyze unknown proteins. As
in gas chromatography the pre-separation of analytes may be used [27] to
give more information on the analyte to allow for differentiation below the
mass detection threshold. Surface functionalization of the mechanical beam
may also be employed to target specified molecules for binding. This can
be accomplished using gas phase silanization [105], or else by individually
functionalizing specific mechanical beams using ink-jet printing [106, 107] or
laser induced forward transfer [108]. The large deposition area of the latter
two methods may be adapted for deposition onto a smaller nanomechanical
beam with the use of an integrated nanostencil [109] such as that describe in
chapter 8. An advantage of the integrated nanostencil is it could also be used to
limit other effects on the mechanical beam frequency which are not due to mass
loading such as changing surface tension or rigidity [110, 111, 112, 113, 114].
The deposition of mass could be targeted to the regions of low mechanical

strain where the mass induced frequency change will dominate.

6.10 Consideration of other effects on the trans-

duction responsivity

It is important to consider what other optical effects may come into play
which could alter the transduction responsivity of the device. These could
include other resonances or interferences beyond the effective index change.
One such example is the Fabry-Perot cavity formed between the input and

output grating couplers due to back reflections at the gratings [5]. These
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cause the small power oscillations on the DC transmission scan across the
entire grating bandwidth in figure 6.1 which have a period of approximately
3nm and give a fringe visibility as high as 10%. This could translate into
10% responsivity variation depending on where the optical resonance of the

racetrack falls in this pattern.

Reflections may also occur within the optical cavity itself. The presence of the
cantilever causes a slight non-adiabatic change in the effective index of the ring
which can cause reflections in the mode. This could possibly create interference
effects along the length of the cantilever which could affect the phase change in
this region. Since the cantilever does not support a guided mode a directional
coupler type device will not be inadvertently created so these interferences
should have small visibility and are not expected to have a noticeable effect.
This is supported by the fact that evidence of these interferences is not present
in the DC optical transmission versus wavelength curves as the optical dips

have the expected shapes.

Leaky resonant modes of the cantilever are another potential source for in-
terferometric enhancement or suppression of the transduction responsivity.
Leaky resonances such as Mie modes have been shown to enhance light ab-
sorption in a nanowire with the proper geometry by over an order of magnitude
[115, 116, 117]. In the present experimental geometry the k-vector of the light
is parallel to the nanowire-like cantilever so no appreciable effect from these
leaky mode resonances is expected. Although the Mie mode resonant enhance-
ment occurs for a wide range of propagation angles it does tend to fall off as

the light angle becomes parallel to the axis of the nanowire [117].

In addition to the angle argument the normalized nanowire diameter for the
measured devices, nkd/2, where n is the refractive index, k is the optical
wavevector, and d is the diameter [117] is about 1.1. This is only large enough
to support the TMO1 leaky mode resonance according to figure 2 (c) in ref-
erence [117], which is not supported by the TE mode light coupled into the
device. Even if it was, the TM01 mode falls off more quickly due to the input
angle than for the higher order modes. Most importantly, any appreciable
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absorption of the cavity power by the cantilever into a leaky resonance mode
would dramatically reduce the finesse of the optical cavity [118], and this re-
duction in finesse is not observed between devices with adjacent cantilevers

and those without.

These other effects are important to consider when designing and analyzing
NOMS devices. If the presence of one of these loss mechanisms inadvertently
exists the transduction properties could fall off quite rapidly. These losses
could be easily avoided with simple modifications to the sample geometry.
It could be possible, however, to take advantage of these other mechanisms
to enhance either the transduction or optomechanical interactions. For these

reason it is important to be aware of them with similar device geometries.

6.11 Future prospectives

Integrated biosensors are currently being developed using several different ap-
proaches and technologies. As is typical with engineering problems the best
solution will depend on the operation parameters of the sensor as well as the
requirements of the sample preparation and sensor fabrication. If looking at
the smallest limits of detection in a label-free environment, dynamic nanome-
chanical beam resonators have shown very good results compared to other
techniques. These include optical micro-ring cavities on their own or sensing
using nanowire field effect transistors [119]. Directly relevant to this work, dy-
namic mechanical beam limits of detection have been measured three orders
of magnitude smaller than that of an optical micro-ring resonator on its own.
Limits of detection for these devices have been measured at 0.3pM versus
0.6 nM for unlabeled detection and 1.5fM versus 6.5 pM for labeled detection
for a mechanical beam and micro-ring, respectively. This result is not sur-
prising considering that nanomechanical beams have exhibited single molecule
detection [22, 23, 24, 16, 120]. This sensitivity comes at a cost, however, as
nanomechanical beam detection is much more difficult to implement. This

is especially true for detection of molecules in fluids where the damping on
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the mechanical beam makes dynamic operation much more difficult. A static
detection method such as a singular optical micro-ring would be much easier
to implement if the base sensitivity required for the sensor was met. If ultra
low levels of sensitivity are required which must use dynamic nanomechanical
beam measurements, nanophotonic transduction is a very promising method

for implementation.

6.12 Conclusion

Integrated optical cavities were used to transduce the motion of nanomechani-
cal cantilever devices. This follows from previous experiments using nanopho-
tonic Mach-Zehnder interferometer structures which were able to successfully
detect beam motion. As expected, the use of an optical cavity in the form
of a racetrack resonator provides much better signal transduction owing to
the high finesse and increased optical interactions with the cantilever devices.
This is most apparent by the ability to transduce the thermomechanical noise
signals of the cantilevers with the racetrack resonator structures but not with
the MZI structures.

The TM noise signals of cantilevers 1.5pm to 5pm long with cross sections
of 160nm by 220nm were measured at room temperature and in vacuum.
These signals were used to verify the transduction coefficient which is de-
rived in relation to standard optical cavity metrics such as finesse and the
optomechanical coupling constant. The optomechanical coupling constant is
also extracted from the TM noise data for a group of devices with different

cantilever-racetrack gap spacings.

As a proof of principle towards operation of the device in a mass sensing system
the cantilever is both driven and detected using an all optical pump and probe
setup using two separate laser sources. This demonstrates the system can fully
operate optically to take advantage of the operational bandwidth advantages

optical systems have over electronic ones. In support of operating the sensor in
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a gaseous environment the TM noise of a cantilever is measured at atmospheric
pressure and room temperature. This demonstration shows the effectiveness
of using nanophotonics for detecting the motion of nanomechanical cantilevers
even at high pressures. Overall, the transduction properties of a NOMS system

show much potential for practical implementation into sensing systems.



CHAPTER 7

Multiplexing using nano-optomechanical systems

7.1 Introduction

Nanomechanical beam resonators have demonstrated their ultimate target sen-
sitivity at the yoctogram level [16]. The goal now is to utilize the technology
in practically implemented sensor systems. Up until this point the avenue
for reaching the desired sensitivity level was decreasing the device size while
keeping transduction levels high and system noise down. This is how the
yoctogram-level mass sensor came to be made of a carbon nanotube and was
detected at temperatures below 58 K. Provided that measurement chamber
conditions are not a concern there is still the general issue of the practicality
of a nanomechanical resonator’s size. The devices gain their point mass sensi-
tivity due to their small size, but a smaller size implies that the capture area
of the sensor is also small. A sensor will not function if the analyte particles

cannot find the detector.

Luckily, nanomechanical sensors have been developed using traditional inte-
grated circuit technologies. It follows that the fabrication processes are well
suited to building thousands of these devices on a single chip. What a single
nanomechanical beam lacks in capture area can be made up for using its inte-

grability. If using an electronic detection system scaling the number of devices

7
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up is not always trivial as an increased number of electrical connections must
be integrated onto the chip. This can be mitigated if the entire array is de-
tected using a full field interferometer [121] or else by connecting the array in
a series-parallel configuration to address the entire array with a single input
and output [26]. In the case of the full field interferometer a drawback is the
entire array must be visible in the field of view, and this includes being able
to resolve individual devices which will eventually meet diffraction limitations.
In the series-parallel design the array of nanomechanical devices stop operat-
ing individually and instead operate as a single device with multiple parts.
Each individual event is averaged across them all. Both of these methods are

limited if looking to detect point masses on single nanomechanical beams.

Nanophotonic readout is well suited for the detection of multiple nanomechan-
ical resonators. This follows from the ability to send multiple signals down a
single photonic wire with a broad optical frequency range. A large array can
be detected using a single probe and would not be limited by diffraction ef-
fects or signal averaging from the array. This has been demonstrated with
the motion of 63 individual cantilevers being detected using the optical near
field of an adjacent optical fiber [93]. The nanophotonic transduction in this
case relies on scattering of the signal from the nanomechanical beams. This
could cause issues because an increased number of devices lead to more signal
scattering, and this could ultimately lead to more signal losses. In this chapter
phase detection of multiple devices on a single nanophotonic waveguide bus is

demonstrated.

7.2 Multiplex NOMS device design

Wavelength-division multiplexing (WDM) is a powerful property of optical
fiber communication systems. It allows multiple signals sent at different car-
rier wavelength channels to be transported along a single fiber simultaneously
[122]. This property has also transferred to integrated optical devices as well,

especially with the use of optical ring resonator cavities [123]. It is easy to
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imagine applying this technique to the detection of nanomechanical beam ar-

rays using nanophotonic cavities.

To increase capture efficiency a large array of nanomechanical resonators must
be implemented onto the chip. To decrease system complexity this ideally
would be a multiplexed array where a single input and output could be used
to measure all of the devices. To maintain signal independence the resonators’
individual signals must be isolated, and a perfect way to do this would be
through the use of WDM. This pairs perfectly with the fact that nanome-
chanical beam transduction is successfully executed using integrated optical

cavities, devices which are also used for on-chip WDM.

To demonstrate nanophotonic device multiplexing two independent optical
cavities are fabricated along a single nanophotonic waveguide in an all pass
configuration as shown in 7.1. The racetrack resonators have a 3 pm straight
portion and curves with a 5 pm radius. The mechanical doubly clamped beams
are each about 7.5 pm long and 160 nm wide when viewed perpendicular to the
surface of the wafer. There is a 110nm gap spacing between the beam and
the racetrack. The devices are fabricated on standard integrated photonic SOI
wafers with a 220 nm thick device layer and 2 pm buried oxide layer and are
patterned using I-line stepper lithography. The mechanical devices are released
using a timed buffered oxide etch which releases the mechanical beams without

releasing the 430 nm wide waveguides.

In figure 7.1 the red (left) and green (right) optical racetrack resonators are
designed using identical dimensions but due to fabrication variations their op-
tical resonance wavelengths are slightly different. This is also true regarding
the mechanical frequencies of the beams. The DC transmission scan for the
combined system is plotted in figure 7.2 (a). It can be thought of as two indi-
vidual optical resonances that overlap as illustrated in figure 7.2 (b). Further
separation of the optical resonance frequencies of the cavities could be achieved
with device design changes. Each individual double clamped beam will only

modulate the optical resonance of its respective optical racetrack.
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Figure 7.1: Colorized SEM of a multiplex readout NOMS system. Two
separate racetrack resonator NOMS devices are fabricated on the same
waveguide bus. The different optical resonance frequencies of each cav-
ity allow the separate mechanical beams to be probed individually at
their respective cavity wavelength.

7.3 Wavelength-division multiplexing measure-

ments

To test the WDM properties of the two device set the probe wavelength is
scanned while monitoring the thermomechanical noise frequency response of
the devices. In the experiment the devices are placed under vacuum and
measured using a Zurich lock-in amplifier with a measurement bandwidth of
200 Hz with 4 times averaging. The probe wavelength is set at different carrier
channels of 1550.4 nm, 1550.7 nm, 1551.5 nm and 1552.0 nm. These correspond
to the side of one optical resonance, bottom of the resonance, the middle peak
between the two resonances and side of the second resonance, respectively, as
can be seen in figure 7.2 (a). The response of the multiplexed device for these
different probe wavelength channels is shown in figure 7.3. As the slope of the
DC optical transmission curve at 1550.7 nm is 0 no signal is expected, and this

signal is offset by —10nW to be seen on the plot.

The property of the overlapping optical resonance frequencies allow the device

to pick up both mechanical signals at the same probe wavelength. This demon-
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Figure 7.2: (a) DC optical transmission spectrum of a multiplexed race-
track resonator nanomechanical beam transducer system. (b) Concep-
tual scan of the two individual racetrack resonances and the hypothet-
ical shift of each due to its respective doubly clamped beam resonator.

strates the potential of multiplexing different devices using the same optical

cavity. Several devices on the same nanophotonic transducer would decrease
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Figure 7.3: The thermomechanical noise response of a two device mul-
tiplex system while probed at different wavelength channels. As the
probe wavelength increases the signal shifts from one mechanical reso-
nance to the next. The overlap of the two optical resonances allow a
single wavelength to probe the mechanical beams on both racetracks
simultaneously.

the complexity further, and still avoid the potential power losses generated
when measuring large numbers of devices using scattering. This owes to the
phase detection mechanism as described in previous chapters. If operating
in a mass sensor application, however, the frequency of these devices would
need to be individually tracked. With a single cavity detection scheme there
is no way to differentiate between devices except by using their mechanical
resonance so the mechanical resonances would need to be designed sufficiently
different from one another. Care would also be needed to track the changing
frequencies to ensure a mass loading event does not cause one frequency to
shift passed another thereby creating the potential to mix the two devices up.
This especially important if the multiplex devices are functionalized differently

and respond to different analytes.
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7.4 Determining the probe channel of individ-

ual nanomechanical resonators

Wavelength-division multiplexed NOMS allow a set probe wavelength to differ-
entiate between different mechanical devices as opposed to using their varying
mechanical frequencies. With careful design and fabrication the wavelength
channels for each device can be determined using the designed optical reso-
nance of the device cavities. This can also be experimentally determined by
monitoring the mechanical frequency of a device while locally changing its
mechanical properties. The frequency shift will corroborate which wavelength

probe frequency corresponds to each probe wavelength.

To reversibly change the mechanical properties of the doubly clamped beams
a 0.5mW 1064 nm laser is focused onto the substrate surface with 150 pm
beam diameter. The heat from the laser changes the optical ring resonances
so the measurement is taken after the optical frequency has stabilized. Taking
advantage of the overlapping optical cavity frequencies the probe wavelength
is tuned so the magnitude of the mechanical response for each device is ap-
proximately equal. As above, this allows the mechanical frequency of both
devices to be monitored simultaneously. To eliminate any heating caused by
the probe laser its power is decreased by 3 times compared to the channel
scanning experiment. The mechanical devices are driven using a shear-mode
piezoelectric crystal to account for the lower transduction power. Both the

devices are driven and detected using a HP 8752C network analyzer.

The heating laser is manually scanned across the multiplex device while mon-
itoring the mechanical frequencies of both doubly clamped beams. As the
heating laser is aimed preferentially to the left device in figure 7.1 the lower
mechanical frequency, as independently measured with a 1550.4 nm wavelength
probe, decreases which corresponds to the spring constant of the beam soft-
ening due to heating. Conversely while targeting the right side device the

higher mechanical frequency decreases while the other frequency remains con-
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stant. This is shown in figure 7.4. This experimentally matches the 1550.4 nm
probe channel device to the left-most doubly clamped beam with a mechanical
frequency of 18.55 MHz, and also the 1552.0 nm probe channel device to the
right-most doubly clamped beam with a frequency of 18.615 MHz.

7.5 Conclusion

Wavelength-division multiplexing is demonstrated for a set of two doubly
clamped beam resonators using nanophotonic transduction. Two racetrack
resonator optical cavities are implemented along the same input and output
waveguide in an all pass configuration, and each racetrack is coupled to its
own adjacent nanomechanical doubly clamped beam resonator. The two opti-
cal cavities are designed to be identical, but due to fabrication variations their

optical resonances are separated but overlap at their tails.

The probe wavelength is scanned across the two optical cavities and the fre-
quency response of the thermomechanical noise of the doubly clamped beams
is monitored. As the probe wavelength changes from one cavity to the next the
mechanical frequency of each doubly clamped beam is measured. The beams
can be measured independently if the probe wavelength sits on only a single
optical resonance or they can be measured simultaneously if the probe is set to
the overlapping region. The independent frequency measurements at different

wavelengths verify wavelength-division multiplexing.

Finally, to experimentally determine which probe wavelength detection chan-
nel corresponds to each physical nanomechanical beam a heating laser is used
to preferentially heat each device. A single probe wavelength is used to mea-
sure both devices simultaneously. The heating causes a downward shift in the
mechanical frequency of each device and both shifts are detected individually.
Knowing the wavelength channel for each independent mechanical resonator
would allow for individual beams to be functionalized differently and detected

simultaneously.
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Figure 7.4: The simultaneous monitoring of both mechanical frequen-
cies while the device is not heated (blue circles), the left device in
figure 7.1 is heated (red triangles) (a) and the right device is heated
(green inverted triangles) (b). The laser heating causes a reversible
softening in the mechanical frequency. The measurements are taken
with 300 Hz BW and 4 times averaging.
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Multiplexing offers a possible solution to the capture area problem posed by
nanomechanical beam sensors. Hundreds of devices can be implemented onto
a single chip and detected with minimal complication due to the single input
and output for the signals. Using optical cavity based nanophotonic detection
allows for wavelength-division multiplexing where multiple signals are present
simultaneously on the same waveguide bus. As the detection method is based
on phase interactions as opposed to scattering effects the signal will not de-
grade with each additional device. Not only do nanophotonic systems offer
excellent transduction properties of nanomechanical resonators, but they are

also well suited for detecting multiplexed arrays.



CHAPTER 8

Device overshield for mass sensing enhancement

(DOME)

8.1 Introduction

Two issues of concern arise with the prospect of nanomechanical beam mass
sensing using nanophotonic detection. The first issue applies to resonating
beam mass sensors as a whole and follows from the mechanical frequency shift
dependence on the analyte mass’ position on the beam (as discussed in chap-
ter 2). Since there is generally little control of where the analyte will exactly
land on the beam there is ambiguity in the amount of mass added if only
the resonant frequency shift of a single mode is measured [19]. One solution
to this problem is to measure the frequency shift of multiple multiple modes
of the beam. A system of equations can be solved that equates the different
frequency shifts from different modes (caused by their differing mode shapes
imparting different amounts of energy) to give both the mass and position of
the particle with no prior knowledge [32, 33, 21, 20]. This solution works very

well if multiple beam modes can be detect.

A second issue specific to nanophotonic detection is the risk of analyte mate-

rial disrupting the transduction system through deposition on the integrated
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photonic components. For instance, foreign material deposited on a waveg-
uide’s surface could disrupt the propagation mode and create a scattering site.
This could spoil the waveguide’s ability to guide light, and, more importantly,
if this occurs in an optical cavity the scattering site would drastically reduce

the cavity’s optical finesse and therefore the transduction ability [124, 87].

To address these issues the device overshield for mass sensing enhancement
(DOME) structure has been developed using materials compatible with nanopho-
tonic structures. It addresses the analyte deposition location issue by creating
an integrated shadow mask, or nanostencil, which only allows analyte material
to physically deposit on specified areas of the beam. This gives the additional
advantage of targeting mass loading locations only to the areas giving the
greatest frequency shifts to ensure the smallest possible masses are detectable
during a loading event. It would also address the potential nanophotonic scat-
tering issue by physically protecting the nanophotonic components with this

same overshield layer. This chapter follows from the work in reference [109].

8.2 DOME structure fabrication

The DOME structure process flow is developed for simple integration with ex-
isting nanomechanical resonator fabrication techniques. It uses surface micro-
machining processes which are typical in many clean room facilities [125, 126].
It is assumed that the nanomechanical devices are fabricated from a silicon on
insulator (SOI) wafer in which the silicon device layer is patterned on top of a
sacrificial buried oxide (BOx) layer. The DOME fabrication process begins af-
ter the nanomechanical devices have been patterned and etched but before the
sacrificial oxide layer has been etched away and the nanomechanical devices

released. A full process flow is shown in figure 8.1.
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Figure 8.1: DOME structure fabrication process flow. 1-2) Pattern
nanomechanical structure, 3) PECVD deposition of SiO,, 4) PECVD
deposition of SiNy, 5) Patterning and RIE of SiNy, 6) Release of

nanomechanical resonator with BOE followed by critical point dry.
Adapted from [109]. Copyright 2010 IOP Publishing Ltd.

Instead of the nanomechanical beam release step a structural silicon dioxide
layer is deposited onto the sample using plasma enhanced chemical vapor de-
position (PECVD). The thickness of the SiOs is chosen to be approximately
two times the thickness of the silicon device layer to ensure adequate spacing
for the nanomechanical beam to resonate. In the experiment, SOI wafers with
a 147nm Si/136 nm BOx layer and 110nm Si/134nm BOx are used. With
both of these device sets the oxide structural layer deposited is approximately
305 nm thick.

The deposited oxide layer is both a support layer and a sacrificial layer for

the DOME device. The structural layer holds the nanostencil portion of the
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DOME above the nanomechanical beam so the beam can freely oscillate with-
out contacting the nanostencil. To freely oscillate, however, the structural
layer must also be etched as a sacrificial layer above the silicon device layer.
For this reason SiO, is chosen as it has excellent isotropic etch selectivity
against the silicon device layer using a buffered oxide etch (BOE) [127]. SiOq
also has desirable electrical and optical properties. A DOME structure could
be implemented with an electrical transduction scheme since no short circuits
would be created as SiO, layers are used to isolate metal interconnects on
CMOS devices. It could also be implemented with a nanophotonic transduc-

tion scheme as SiO, is already used in integrated photonic cladding layers.

The next step is to create the nanostencil layer. Silicon nitride (SiNy) is chosen
for its mechanical, optical, electrical and chemical properties. PECVD is used
to deposit 250 nm of SiNy on top of the structural oxide layer. This thickness
is chosen since it gives good structural stability. The mechanical properties for
the nanostencil layer must be quite strong to avoid failures caused by external
stresses of deposited film. Silicon nitride is a good choice for this as evident in
its use for creating membrane structures. The optical properties allow for its
compatibility with free space optical transduction and actuation [128] since it
is transparent in the visible spectrum often used for these experiments. It has
also been shown to be a practical material for use in nanophotonic devices [66].
A dielectric constant of about 6-9 [129] will not cause any adverse effects if
implemented with an electrical detection or actuation system, as well. Finally,
SiNy could not be used in the structure if not for its etch resistance against
BOE. This chemical property makes it compatible with the process step of
etching the sacrificial oxide layers to release the nanomechanical resonator
[127].

After depositing the overshield layer it is then patterned to define the mass
loading location above the mechanical resonator. Holes are also patterned
above the area adjacent to the resonator to allow access for BOE to facilitate
a faster etch release step. Electron beam lithography is used to pattern the

overshield layer primarily for its direct write characteristic. Depending on the
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resolution of the nanostencil holes other forms of lithography may be used.
ZEP520A about 410 nm thick is used as the resist; chosen for its etch resistance.
To prevent charging during the EBL write an appoximately 7nm thin layer of
aluminum is sputtered onto the sample after resist deposition. After exposure,
and prior to EBL development, the Al layer is removed using CD-26 developer

for 1 min.

After patterning, the SiNy is etched using a reactive ion etch (RIE). An RIE is
chosen to maintain resolution of the patterning by using an anisotropic etch.
Care must be taken in the overshield design as it itself could act as a released
resonating structure. This is especially true if using a non-specific actuation
method such mounting the sample to a piezoelectric chip. To avoid false signals
it is important to design any potential overshield resonance modes at a much
different frequencies than the nanomechanical beam modes. After the RIE the

resist is ashed away using an oxygen plasma.

The final step for creating the DOME structure is the release of the nanome-
chanical resonator. This is done using a single-step, timed, isotropic buffered
oxide etch. As mentioned above the BOE selectively etches the SiOs over the
silicon device and the SiNy overshield layer to remove the oxide surrounding
the nanomechanical beam to allow it to freely vibrate. To avoid any stiction
issues from either the mechanical resonator or the overshield the device is criti-
cally point dried. Devices fabricated were 250 nm wide, 147 nm or 110 nm thick
with lengths 8 pm to 14 pm. The nanostencil openings were placed at 10% to
90% intervals along the beam length and were 600 nm wide. An exploded view

of the structure is shown in figure 8.2.
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Figure 8.2: Dome structure exploded view. The four vertical holes in
the SiNy layer are the access holes for the BOE, and the horizontal
hole is to allow analyte through to the beam. Adapted from [109].
Copyright 2010 IOP Publishing Ltd.

8.3 Characterization

The DOME structures are characterized by both visual inspection and also
by looking at the mechanical quality factor of the nanomechanical beams.
Scanning electron micrographs (SEMs) of typical fabricated devices are shown
in figure 8.3. The image shows the overshield successfully suspended above the
nanomechanical resonator with slit locations above various beam locations. At
first glance the overshield appears to sag and collapse onto the beam, but on
closer inspection it can be seen that overshield near the beam clamping points
is raised based on the contours of the nitride around the slit. These cracking
defects are caused by the compressive stress in the deposited PECVD SiN in
addition to extra stress caused by the topography step of the patterned beam.
As the film expands on either side of this height-discontinuity the stress is
relieved by the cracking and the buckling upward at the anchors. Other than
these cracks the rest of the overshield remains intact. As a result the cracks
are not a concern as they do not propagate above the resonator to form gaps
in the overshield directly over the beam which would thereby create another

mass loading location.
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Figure 8.3: SEM of fabricated DOME structure over top of a 10 pm
long, 250 nm wide and 110 nm thick nanomechanical beam (pink) with
a DOME structure (blue) on top with slit locations along the beam at
(a) 50% (b) 30% and (c) 10% of its length. (d) 8pm long resonator
fabricated without the DOME structure. Approximately 5nm of Cr is
deposited onto the DOME devices to prevent charge build-up from the
SEM beam.
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The second characterization technique investigates the effect the fabrication of
the overshield has on the mechanical response of the resonator. This is most
important as the mechanical response will determine the effectiveness of the
device as a mass sensor. One way to characterize the mechanical response
is to look at the mechanical quality factor (Q-factor). This describes the
damping and amount of losses the nanomechanical resonator is subjected to
during oscillation and is briefly described in section 2.4.2. The Q-factors of
devices fabricated with and without the overshield are compared to look for

detrimental effects causing a much lower Q.

The mechanical response of the beams was measured using a simple single
beam interferometry setup with a 633 nm laser [82, 3]. The devices are ac-
tuated by mounting the sample chip to a piezoelectric disk and applying a
signal to the disk using a network analyzer. The network analyzer is also used
to detect the interference signal reflected off the chip and onto a photodiode.
Measurements were taken a room temperature and below 1 x 107° Torr. The
Q-factor is extracted by fitting the response to a Lorentzian fit. The resolu-
tion bandwidth of the measurement was set to 1kHz to allow for timely data
acquisition while limiting systematic error introduced into the measured Q
values. Due to the finite measurement bandwidth used the measured Q-values
are underestimated by approximately 10% to 20% with values of about 5000
to 10000, respectively. The smallest fabricated devices (8 um long, 250 nm
wide and 110 nm thick) have Q-factors around 6000 which are acceptable for
a top down fabricated device under these measurement conditions. A typical

response is shown in figure 8.4.

As expected, the location of the mass loading slit has little effect on either the
Q-factors or the resonant frequencies of the devices. This is shown in table 8.1
for two sets of 8 pm long, 250 nm wide and 110 nm thick devices with overshield
slits at different locations along the beam length. For comparison data from
devices without overshields is also included. To ensure a valid control sample
against the DOME structure fabrication process the non-overshield devices

were fabricated on separate samples without any of the extra fabrication steps.
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Figure 8.4: A typical response of an 8 pm long, 250 nm wide and 110 nm
thick doubly-clamped beam with a DOME structure over top. The di-
ameter of the dots represent the error due to the 1kHz measurement
bandwidth. The red line is the Lorentzian fit from which the reso-

nant frequency and Q-factors are extracted from. Adapted from [109].
Copyright 2010 IOP Publishing Ltd.

The non-overshield structures exhibit higher mechanical frequencies which is
due to their smaller undercut. This could also contribute to their slightly
higher Q-factors since a more precise undercut contributes to smaller clamping
losses. Figure 8.5 plots the Q-factor data devices with various slit location
along with the devices with no DOME structure. The average of the two data
sets are within range suggesting there is not any significant degradation of the

mechanical response due to the DOME structure fabrication process.

Finally, to test the nanostencil functionality of the DOME structure in blocking
incoming masses approximately 23nm of Al;O3 is deposited onto the sample
using evaporation. Evaporation is used to simulate collimated methods of mass
loading [19, 22, 23, 24, 88|. A stictioned nanomechanical resonator is used for
the deposition. As seen in figure 8.6 the overshield only allows the deposited
material to land on the targeted area of the beam. A sharp transition can be

seen between the covered and uncovered areas.
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Table 8.1: 8pum long, 250 nm wide and 110nm thick doubly-clamped
beam response. Device Set A and B are identical series of devices fabri-
cated on the same chip. The devices without overshields are fabricated
on a different sample with resonators identical to those on the DOME
devices. The higher frequency of these resonators is caused by the
smaller undercut during BOE release.

Devices without

Slit location Device set A Device set B .
overshields

(% of length

from anchor) fo (MHz)  Q-factor  fo (MHz) Q-factor fo (MHz) Q-factor
10 10.71 5000 £ 300 10.90 5900 £ 100 11.88 12000 £ 1000
20 10.55 5200 £ 300 10.67 6000 & 100 11.98 5100 £ 700
30 10.63 6300 + 200 10.80 6300 + 300 11.75 8000 4 1000
40 - - 10.74 7500 £ 400 11.94 7000 £ 1000
50 10.88 9000 =+ 400 10.75 6100 & 400 12.00 6300 & 400
50 10.76 6430 &+ 70 10.90 11000 £ 1000 11.88 5300 £ 600
60 10.91 6300 4 100 10.67 4500 4+ 200 11.74 7500 £ 500
70 10.73 5500 %+ 100 10.92 5600 &+ 100 11.88 13000 £ 2000
80 10.74 5500 £ 200 10.69 5000 £ 200 11.96 11000 £ 1000
90 10.73 5300 £ 100 10.79 5700 £ 100

8.4 Discussion

The DOME structures are fabricated on top of doubly-clamped beam res-
onators to reduce the risk of stiction during fabrication. Due to a lower effective
stiffness cantilevers are more susceptible to stiction, but the DOME structure
fabrication process should work with cantilever devices as well. Cantilevers
have some advantages over doubly clamped beams in that their mode shape
gives them a lower effective mass factor by about a third which, all other things
being equal, would lead to increased mass resolution. The dynamic range of an
oscillating cantilever is also larger than that of a doubly clamped beam which
also leads to higher sensitivity [18, 90, 130]. However, cantilever devices are at
a disadvantage in that they cannot be put under tensile stress to form strings
with high mechanical Q-factors. In a nanomechanical mass sensor either type
might be best suited for the specific application so it is important that the
fabrication of the DOME structure be compatible with both types.

There are many advantages to the fabrication process including its simplicity,
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Figure 8.5: Q-factors of 8 pym long, 250 nm wide and 110nm thick
doubly-clamped beam resonators with DOME structures having var-
ious mass loading slit locations. The blue diamonds and squares repre-
sent different sets of similar devices. The blue solid line is the average
value of the diamond and square data with the blue dash at the first
standard of deviation, and the red solid line is the average Q-factor
value of the devices fabricated without DOME structures with the red
dash/dot line representing the standard of deviation. Adapted from
[109]. Copyright 2010 IOP Publishing Ltd.

the temperature tolerance and its compatibility with various nanomechanical
excitation and transduction methods. The single extra patterning step and
two extra deposition layers lead to fairly straightforward troubleshooting op-
tions if any problems arise while fabricating upon different sample types. The
single BOE step is also beneficial in that only the single critical point dry step
is required to avoid stiction problems. The high thermal budgets for SiO,
and SiN, allow for compatibility with high temperature processes like anneal-
ing, sample flashing or high temperature deposition methods, which could be
required for fabricating complete device systems. The high temperature pro-
cesses would still need to be tested but should be compatible due to the chosen
materials. Since a variety of methods are currently used for nanomechanical

transduction it is very beneficial that the process is compatible with most of
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Figure 8.6: Colorized SEM of about 23 nm of Al,O3 evaporated onto a
DOME device. The beam (pink) is shielded from the deposited material
(green) by the nanostencil (blue), except at the designed slit areas above
the beam. Approximately 5nm of Cr is deposited onto the DOME
devices to prevent charge build-up from the SEM beam. Adapted from
[109]. Copyright 2010 IOP Publishing Ltd.

them.

Although the cracks did not affect the operation of the DOME structure it
would still be desirable to eliminate them. There are a few possibilities to
remove these cracks caused by stress in the film near the topography discon-
tinuities. As they are caused by stress in the SiN, layer the stress could be
removed with an annealing step after deposition. Alternatively a lower stress
overshield layer could be deposited in the first place using a material such
as low stress low pressure chemical vapor deposition (LPCVD) SiNy or SiCN
[131]. Another option would be to planarize the structural oxide layer to re-
move the topographical defects. While fabricating the devices these extra steps
were avoided in the interest of process simplicity especially since the cracks

did not affect device operation.

The stress in the deposited PECVD layers does not significantly alter the
resonance characteristics of the nanomechanical beams as is witnesses in com-

paring the mechanical quality factors of devices fabricated with and without
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overshields. This is a plausible result as the films are only in contact with
the device on the device anchors after fabrication is complete. It is possible
that residual stress exists on the resonator. If present, the stress caused by the
compressive stress deposited films would cause a tensile stress on the resonator

which could in fact increase the device performance [132].

A drawback to mass loading onto a DOME structure is the decreased capture
efficiency caused by blocking most of the mechanical beam area. Here, the
capture efficiency is defined by the analyte detected to the analyte used. This
will cause potential data to be lost and time will also increase between mass
loading events. If only a single mode of the beam is detected, however, the
DOME structure will eliminate the ambiguity of the frequency shift caused
by loading mass at different beam locations. The data collected will also
will represent the device operating at only its highest responsivity so capture
efficiency and data quantity are sacrificed in favor of higher data quality. The
final sensing application will determine whether a decreased complexity in the
device measurement is required (using a DOME structure) or whether a device

is desired with maximum capture efficiency.

Finally, the nanostencil functionality of the structure lends its use toward ac-
curately depositing materials onto released nanomechanical resonators with-
out any intricate alignment mechanisms. External shadow masks have been
used for targeted depositions onto released MEMS structures, but the method
created an array of patterned material on and around the MEMS structure
with no concern over the exact pattern location [133]. Targeted deposition
has been realized but included the use of high resolution stages which could
both be expensive and complicated to implement [134]. Targeted deposition
could be used to deposit catalyst materials onto a nanomechanical beam for
targeted carbon nanotube [135] or silicon nanowire [136] growth. The catalyst
(i.e. Ni or Fe for SNT growth) is typically attacked by the BOE during the
resonator release or otherwise it could be washed away if there is poor cata-
lyst adhesion (i.e. Au for Si nanowire growth). Nanowire or nanotubes could

greatly increase the surface area of the beam where they are deposited, and



CHAPTER 8. DOME STRUCTURES 100

could therefore be used to create more responsive sensors where surface area

adsorption is important.

8.5 Conclusion

Device overshield for mass sensing enhancement (DOME) structures were fab-
ricated and developed to overcome the issues of maximizing nanomechanical
mass sensor responsivity for a loading event, as well as determining the ex-
act location of mass loading for definitively determining the magnitude of the
added mass. Standard fabrication processes were used to achieve this through
an integrated nanostencil design which operates as a shadow mask directly
above the nanomechanical resonator. The materials of the DOME structure
process allow for many different options for nanomechanical beam actuation

and detection such as optical, electrical and nanophotonic methods.

The DOME structure is not found to have a significant effect on the me-
chanical resonator’s frequency response. Nanostencil operation is successfully
demonstrated with the deposition of evaporated material onto specific beam
locations. The structures could help achieve the goal of nanomechanical sub-
Dalton measurement devices by offering a way to protect the nanomechanical
device and its transduction components while decreasing the complexity of the

mass readout analysis.
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Future Work

9.1 Introduction

The work in this thesis explores much of the groundwork for using nanopho-
tonic transduction in a nanomechanical mass sensor. This groundwork in-
cludes transducing cantilever structures that are not limited to a minimum
size compared to previous NOMS designs. Also, the transduction mechanisms
are investigated to gain a better understanding of which nanophotonic optical
properties will lead to the best signal transduction. A nanophotonic friendly
fabrication process is also developed to prevent waveguides from suffering scat-
tering losses when mass is deposited on top of them. To pursue the ultimate
sub-Dalton mass sensitivity goal many design options may be required, such as
using cantilevers or doubly clamped beams, and this work demonstrates that
more of these options are available. In addition the focus was on creating de-
vices that could easily translate into practical devices. As such the devices were
always fabricated with large scale integrable methods such as stepper lithogra-
phy along top down fabrication processes, and measurements were completed
at room temperature with studies toward using them at atmospheric pressure

as well.

Although much of the groundwork has been laid these devices still need to
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be demonstrated in a definitive mass sensing system. The superior trans-
duction properties of the nanophotonic method have been demonstrated, but
that demonstration has not seen much extension into low level mass detection
analysis. Future work would look directly along these lines at the practical
limitations and operating conditions of a nanomechanical mass sensor using

nanophotonic readout.

9.2 Basic mass measurements

The most obvious next step is measuring the mass of an analyte particle by
measuring the frequency shift of a nanomechanical mass sensor. On a short
term basis the nanomechanical resonant frequency of a beam is fairly stable,
but it can easily see minor shifts when exposed to atmospheric conditions over
a period of time. To measure small additions of mass, then, real-time in-situ
measurements would need to take place so the frequency shift can be directly
attributed to the analyte mass as opposed to uncontrollable contaminant mass
which could occur while removing the sample from vacuum to place in a sec-
ondary deposition chamber. Consequently the experimental design must be

modified to facilitate this mass deposition.

The simplest method for achieving this goal is simply to bleed analyte gas
into the vacuum chamber and look for the frequency shift of the mechanical
beam with the added gas. The majority of the initial experiments took place
under high vacuum, 1 x 107° Torr, but this vacuum may be too high to allow
the analyte gas to adsorb onto the sample surface in a time that is detectable
by the system. At atmosphere, however, the noise on the signal may be too
high to resolve a frequency shift of small additional masses. A pressure in
between these levels, such as about 1 Torr, may be a good place to start. The
mechanical damping on the device would still be minimal to allow for good
mechanical signal transduction, but the gas pressure would allow the analyte
gas more time to interact with the device instead of being immediately pumped

away.
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Discrete frequency changes could be detected which correspond to individual
gas molecules adsorbing onto the nanomechanical device. This frequency shift
would vary depending on where the analyte adsorbs onto the nanomechani-
cal beam so statistics would need to be used to determine the added mass
amount [19]. Another option would be to monitor two mechanical modes si-
multaneously to give a definitive mass and position information at the same
time [32, 33, 21, 20]. A second possibility is a constant frequency shift at
equilibrium could be measured depending on the adsorption/desorption time
and the amount of analyte gas in the system. This equilibrium shift would
correspond to the rate of adsorption/desorption such that a total equilibrium
amount of analyte particles would be present on the nanomechanical device
after a set amount of time. This type of study could both give both gas kinetic

and mass information on the analyte.

The biggest assumption in this type of study is the analyte material has a
minimal effect on the nanophotonic components of the device. Nanophotonic
rings are used themselves as sensors, but are more adept at detecting layers
as opposed to point particles [119]. An optical frequency shift caused by the
analyte material will have an effect on the sensor in that it will change the
most efficient probe laser frequency. This will reduce the nanomechanical
signal but will only be a problem if the shift is so large the signal is lost
completely. Since minimal amounts of analyte material are added this optical
shift is not expected to be large enough to cause this complete signal loss.
This also assumes that the analyte does not cause irreparable signal losses
in the integrated optical system. This could occur if a lossy material such
as a metal is deposited on the device. The photon energy would be lost to
plasmonic modes of the metal which could destroy the optical throughput of
the devices. To avoid these potential losses the same type of measurements

could be completed but with an implemented DOME structure.



CHAPTER 9. FUTURE WORK 104

9.3 Nanophotonic DOME integration

The DOME structure utilizes dielectric materials in its fabrication, both of
which are used in integrated photonics, so no problems are anticipated for
its integration. That being said, the DOME device should be fabricated on
top of nanophotonically transduced nanomechanical beams for further mass
loading tests and analysis. To do this the DOME fabrication steps would be
completed after the nanophotonic chip is patterned and etched, but prior to
the mask-less BOE release.

Testing will need to be done to determine the exact characteristics of the fab-
ricated overshield. This includes the height of the silicon nitride nanostencil
over the nanophotonic waveguide as determined by the deposited silicon diox-
ide sacrificial structural layer thickness. The amount of this structural oxide
layer around the waveguide can also be modified depending on its influence
on the propagating mode. For instance, it could be chosen to keep this oxide
around the waveguide as a cladding layer or it could be removed completely,

and both these options could be explored to achieve optimal integration.

To explore these options it would be pertinent to first simulate the expected
results using finite difference time domain (FDTD) simulations. The main
metric for these simulations would be to examine the effective index versus
the gap distance between the nanophotonic waveguide and the nanomechani-
cal resonator. The rate of change of this value relates directly to the transduc-
tion coefficient so it is important to verify that the slope of this curve remains
approximately the same with the DOME integrated configuration. From here
it is only a matter of fabricating the devices within tolerance of these results.
Process flow improvements could also be tested to reduce stress in the nanos-

tencil layer to remove the cosmetic cracking that was previously observed.
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9.4 Advanced mass detection

Once the DOME structures are successfully integrated with the NOMS res-
onating beams, advanced level mass detection experiments can take place.
Here, advanced level mass detection refers to two specific cases. One, the
real-time measurement of single low mass particles, or, two, the detection
of optically lossy materials which traditional nanophotonic methods cannot
detect. Both types of experiments simulate the advanced application of the
device as a state-of-the-art mass sensor aspiring to proton level sensitivity in

a smaller, inexpensive package.

In the first case the DOME structure is used to converge the frequency shift
range for the added masses by limiting the mass deposition location on the
nanomechanical beam. It also protects the waveguide from the added material
either shifting the optical resonance conditions, so maximum transduction is
maintained, or by creating scattering losses along the length of the waveguide.
For highest sensitivity the measurements may need to take place in vacuum

so another experimental setup design change may be required.

Instead of leaking arbitrary gas into the system a more targeted approach
to mass deposition would be required. This can be achieved by depositing
analyte onto the nanomechanical beams using a more kinetic, instead of diffu-
sive, mechanism. The vacuum system design with the optical window allows
for laser deposition methods to be easily implemented into the chamber. One
such method is using matrix assisted laser desorption and ionization (MALDI).
MALDI is a traditional mass spectrometry technique to apply charges to frag-
ile analyte materials. The analyte is embedded in a host chemical crystal
matrix which is then irradiated with an ultra-violet or infrared laser to ex-
pel the particles into the gas phase with little damage [137]. The MALDI
matrix could be implemented within the vacuum chamber with the sample
irradiated through the optical window to launch analyte particles toward the
sample. The nanomechanical beams could be measured in real-time to mark

the deposition events. An added advantage to this system is the neutral parti-
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cles of the MALDI expulsion method could be investigated as nanomechanical
mass measurement is charge independent. This potentially new information
on the MALDI expulsion process could allow for better implementation of the

technology as it is currently used.

The optical window allows for other laser based deposition methods to be
studied as well. One such method is laser induced forward transfer (LIFT).
Applying this method would both study this laser deposition process as well as
demonstrate the practical implementation of the DOME structure on a mass
sensor. LIFT is traditionally an experimental microscale deposition and pat-
terning technique based on laser direct write addition. A transparent donor
substrate is coated with the material to be deposited and a laser irradiates
this material from the backside of the substrate to expel the deposited ma-
terial off the front side through laser ablation [138]. Exact mechanisms of
the process are still under study and these NOMS devices could be used to
directly measure the amount of material transferred under differing laser condi-
tions. Currently characterization is achieved through imaging techniques such
as SEM or AFM where it is difficult to determine exact volumes deposited. A

better understanding of the process would lead to better applications.

The DOME implemented NOMS mass sensors would be especially useful in
studying the LIFT deposition of metals. As mentioned earlier metals can cause
significant losses in optical waveguides due to plasmonic modes in the metal.
The photon energy oscillates the electrons in the metal at the plasmon reso-
nance which oscillates with higher losses. The DOME structure would prevent
the metal from interacting with the nanophotonic waveguide by keeping the
material a sufficient distance away. In this instance the superior transduc-
tion properties of a NOMS system could be used without worrying about the

limitations a metal analyte may cause.
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9.5 Conclusion

Mass loading experiments are the next step following the basic studies of this
work involving nanophotonic detection of nanomechanical resonators. The po-
tential of using this type of system for measuring point masses is demonstrated
due to the effectiveness of transducing smaller and smaller nanomechanical
beam resonators. The next steps potentially involve depositing masses in the
current experimental system, but opportunities also exist to bring this tech-

nology into arbitrary experimental systems as well.

The current experimental setup is ideal for prototype devices due to its flexibil-
ity in probing different optical structures. Once an ideal design is fabricated,
however, this flexibility may no longer be required and a fixed method of pho-
tonic laser input/output may be used. A device with fixed inputs could be
easily implemented into an existing deposition setup due to the existence of
vacuum fiber optic feedthroughs. With both optical actuation and detection
along the same input and output fiber the device could be discretely placed in-
side any type of experimental chamber to provide mass loading data in other
types of experiments. The fundamentals are in place and now it is just a

matter of applying these fundamentals in practical applications.
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Conclusion

The advent of nanotechnology has seen the development of many novel sys-
tems. These range over a variety of different fields from medicine and new can-
cer fighting methods to resource extraction and hardness and wear coatings.
One type of system which has attracted interest is the use of nanomechanical
beam resonators to detect particle masses. The potential for this type of de-
vice is to replace a large traditional mass spectrometry system with a much
smaller and cheaper unit to proliferate the technology and reduce its barrier of
access. The traditional table-top system in which users send their samples to
the lab could potentially be replaced by a hand held detector which is directly

present where it is needed.

The focus of this work is the creation and study of these novel types of nanome-
chanical sensors for use toward on-chip mass sensing. The largest issue con-
cerning these nanomechanical beams has been transducing their motion. The
detection of this motion forms the quantitative basis for mass analysis. The
target of increased mass sensitivity is approached using the two main met-
rics of physical nanomechanical beam size versus the noise in transducing the
nanomechanical beam signal. In this work these issues are managed with the

transduction of nanomechanical beam motion using nanophotonic structures.

Nanophotonic structures are very well suited for detecting smaller and smaller
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nanomechanical beams. The reason is two-fold. First, nanomechanical struc-
tures tend to increase in frequency as they become smaller due to effective
stiffening of the beams. The optical methods of detection and actuation that
nanophotonics use are not susceptible to any high frequency limitations that
electronic circuits must contend with. Nanophotonics is especially useful over
traditional optical techniques as they do not suffer the same size limitations
due to diffraction effects. This follows from nanophotonics operating in the
optical near-field where diffraction is not a primary concern. Second, nanopho-
tonic systems have the potential to increase their transduction properties with
decreasing device sizes. Smaller nanomechanical devices generally have smaller
amplitudes of motion which lead to smaller output signals. The smaller range
of motion in a nanophotonic system, however, allows the device to increase
its signal transduction as the optomechanical coupling can be increased by
placing the nanomechanical beam in closer proximity with the nanophotonic
element detecting the beam. These properties make nanophotonics a very
promising technology for transducing nanomechanical beams for use in mass

sensing systems.

To achieve the ultimate goal of a practical nanomechanical device with sub-
dalton mass resolution it is important to demonstrate design flexibility and
make various tools available for achieving this goal. The approach for this work
involved increasing the available tools by transducing the motion of nanome-
chanical cantilevers using nanophotonic detection methods. Previous methods
either studied nanomechanical doubly clamped beams or else cantilevers that
had minimum size limitations due to the requirement of the cantilever directly
carrying a nanophotonic optical mode. It is important to demonstrate the
detection of cantilevers as, all other things being equal, they would have three
times higher mass sensitivity compared to a doubly clamped beam since their
effective mass factor is three times smaller. The removal of the size limitation
on the cantilever is also important as arbitrarily small beams may be required
to achieve the mass sensitivity goal. This thesis demonstrated these types of

devices and studied the transduction mechanisms as well.
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The implementation of these devices into practical sensors is also considered.
A drawback of using nanomechanical sensors is that their small size limits
the capture area of incoming molecules. However, this can be mitigated using
an array of nanomechanical beams which is easy to fabricate using integrated
circuit fabrication methods. Integrated photonics is well suited to measuring
arrays of NOMS devices and this is demonstrated using wavelength division
multiplexing of multiple devices on a single input/output waveguide. Another
practical concern is addressed with the development of an integrated protec-
tive nanostencil structure. Materials adsorbed onto a waveguide surface could
cause losses due to scattering or through unwanted plasmonic modes and an
integrated nanostencil would protect the waveguides from interacting with any
analyte material at all. It can also be used to maximize the measured frequency
shift of a nanomechanical beam by only allowing material to be deposited on
the beam location which gives the highest mechanical response. The fabrica-
tion process is developed using nanophotonic friendly materials with typical

micro and nanofabrication processes.

This thesis lays much groundwork for using nanophotonic detection in nanome-
chanical mass sensors. It is shown to be a viable method, and the next steps
involve implementing the technology to measure various masses directly. The
technology looks best suited to measure very small point masses with very
small mass thresholds through implementation into a vast array to overcome
the small capture area of individual nanomechanical beams. It is hopeful that
one day these devices will eventually see application in hand-held mass spec-
trometry systems. This could allow for mass measurement diagnostic tests to
become more accessible, faster and less expensive. This added accessibility to
mass spectrometry systems could see them become a standard tool wherever

particle analysis is needed.
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