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ABSTRACT

In-plane All-photonic Transduction Method
For Silicon Photonic Microcantilever

Array Sensor

Jong Wook Noh
Department of Electrical and Computer Engineering

Doctor of Philosophy

We have invented an in-plane all-photonic transduction method for photonic
microcantilever arrays that is scalable to large arrays for sensing applications in both bio- and
nanotechnology. Our photonic transduction method utilizes a microcantilever forming a single
mode rib waveguide and a differential splitter consisting of an asymmetric multimode waveguide
and a Y-branch waveguide splitter. The differential splitter’s outputs are used to form a
differential signal that has a monotonic response to microcantilever deflection. A differential
splitter using an amorphous silicon strip-loaded multimode rib waveguide is designed and
fabricated to demonstrate the feasibility of the in-plane photonic transduction method. Our initial
implementation shows that the sensitivity of the device is 0.135x10 nm™ which is comparable
to that of other readout methods currently employed for static-deflection based sensors.

Through further analysis of the optical characteristics of the differential splitter, a new
asymmetric double-step multimode rib waveguide has been devised for the differential splitter.
The new differential splitter not only improves sensitivity and reduces size, but also eliminates
several fabrication issues. Furthermore, photonic microcantilever arrays are integrated with the
differential splitters and a waveguide splitter network in order to demonstrate scalability. We
have achieved a measured sensitivity of 0.32x10° nm™, which is 2.4 times greater than our
initial result while the waveguide length is 6 times shorter.

Analytical examination of the relationship between sensitivity and structure of the
asymmetric double-step rib waveguide shows a way to further improve performance of the
photonic microcantilever sensor. We have demonstrated experimentally that greater sensitivity is
achieved when increasing the step height of the double-step rib waveguide. Moreover, the
improved sensitivity of the photonic microcantilever system, 0.77x10 nm™, is close to the best
reported sensitivities of other transduction methods (~10° nm™).

Keywords: Jong Wook Noh, microcantilever, in-plane photonic transduction, photonic
microcantilever array sensor
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1 INTRODUCTION

1.1 Motivation

Microcantilevers as nanomechanical sensing devices [1, 2] have been investigated for
biological [2-9], chemical [1, 10-12], and environmental [13] sensing applications due to their
high sensitivity, selectivity, and label-free operation. To utilize microcantilevers for sensing, a
chemo- or bio-selective layer is coated on the surface of each microcantilever beam. When target
molecules are adsorbed on the selective layer, typically either a change in mass is measured by
determining the shift in microcantilever resonance frequency or a change in surface stress is
determined by measuring deflection of the beam [14]. Measurement of resonance frequency
shifts tend to be done in vapor or vacuum ambients, while deflection measurement is particularly
suited to liquid environments.

The sensitivity of microcantilever-based sensors is affected by the readout method chosen
to determine changes in microcantilever properties. Moreover, the readout method influences the
number of microcantilevers that can be simultaneously detected in an array. Typical readout
methods include laser beam reflection [3-5, 10], piezoresistive [6-9, 13, 15, 16], piezoelectric
[11, 17], and capacitive [18, 19] approaches. Reflection of a laser beam from the end of a
microcantilever and measurement with a position-sensitive photodetector are well-known in
atomic force microscopy (AFM). Although this optical readout method can have sub-angstrom

resolution, it is typically limited in the number of microcantilevers that can be simultaneously



measured. Alternatively, piezoresistive and piezoelectric approaches are adaptable to batch
microfabrication techniques such that large numbers of microcantilevers can in principle be
fabricated on a single chip, but these methods tend to suffer from electrical and system noise,
which influence detection sensitivity. In the capacitive approach changes in capacitance between
a microcantilever and an adjacent surface are measured. While this approach can be very
sensitive in some implementations, its use is difficult for situations in which the dielectric
constant of the medium between the surfaces varies, such as is the case for many biosensing
scenarios.

In short, a scalable, simultaneous, high sensitivity microcantilever transduction method
has not to date been demonstrated. Such a method is necessary to use arrays of microcantilevers
as a parallel sensor platform. The focus of this dissertation is to develop and demonstrate a new
in-plane photonic transduction method that achieves the high sensitivity of the optical readout
method while being scalable to simultaneous readout of many microcantilevers on a single chip.
The approach comprises a microcantilever that forms a single mode waveguide in which light
propagates down the length of the microcantilever, crosses a small gap, and is captured in an
asymmetric multimode waveguide section that terminates in a Y-branch. By forming a
differential signal with the outputs of the Y-branch, a monotonic dependence of the differential
signal on microcantilever deflection can be realized. This dissertation covers design, fabrication,
measurement, and analysis of in-plane all-photonic transduction for photonic microcantilever

arrays.



1.2 Overview of Dissertation

This dissertation is organized as follows. Chapter 2 introduces microcantilevers and their
mechanical properties, as well as the fundamentals of microcantilever-based sensors.

Chapter 3 presents the design of photonic silicon-on-insulator microcantilevers and an in-
plane photonic transduction method using amorphous silicon strip-loaded multimode rib
waveguides. Fabrication and measurement of microcantilevers for experimental demonstration of
this transduction technique are discussed, followed by analysis of the experimental data. The
measurement sensitivity of the differential signal is found to be 0.135x10 nm™, which is at least
two orders of magnitude greater than piezoresistive transduction techniques and comparable to
other optical transduction methods.

Chapter 4 introduces a differential splitter using an asymmetric double-step multimode
rib waveguide for in-plane photonic transduction of photonic microcantilever deflection. Arrays
of multiple photonic microcantilevers are integrated with differential splitters and a waveguide
splitter network to demonstrate sensitivity and uniformity of the transduction. Measurement
results indicate a sensitivity of 0.32x10™ nm™ with a minimum detectable deflection of 141 pm
for a 3.5 Hz measurement bandwidth.

The sensitivity of microcantilever-based devices is a function of the microcantilever
properties, readout method, and detection apparatus. The sensitivity also determines the
minimum detectable deflection (MDD). In Chapter 5, we investigate the effect on the sensitivity
of modifying the asymmetric structure of the double-step multimode rib waveguide. The
relationship of the structure and sensitivity is investigated analytically and then demonstrated

experimentally. We show that the sensitivity is enhanced by modifying the step height of the



double-step rib waveguide. The sensitivity obtained experimentally is 0.77x10° nm™, which is

close to the best reported sensitivity of optical readout methods.

The final chapter includes a summary and suggestions for future work.

1.3 Contributions

My specific contributions to designing and experimentally demonstrating in-plane all-

photonic transduction for photonic microcantilever arrays are enumerated below.

1.

In 2004, Dr. Gregory P. Nordin proposed a transduction method for optical waveguide
microcantilevers which utilizes a differential splitter consisting of an asymmetric strip-
loaded multimode rib waveguide and a Y-branch splitter and a single mode rib
waveguide embedded microcantilever. A patent was issued in 2007 based on simulations
for silicon nitride microcantilevers and waveguides. [20] | developed an implementation
for silicon microcantilevers and waveguides since silicon-based photonic devices showed
significantly improved practical performance. This involved performing a series of
photonic simulations to optimize the geometry of the silicon implementation to maximize
the differential signal. I also did tolerance analysis to examine fabrication feasibility
(Chapter 3).

I developed the fabrication processes for silicon-on-insulator microcantilever and optical
waveguide devices, which required high alignment accuracy and tight feature dimension
tolerance. We used a hybrid method of photolithography and electron beam lithography
(EBL) to build the photonic microcantilever system with differential splitters using an
amorphous silicon strip-loaded multimode rib waveguide in order to demonstrate the in-

plane photonic transduction method. As a result, the amorphous silicon strip was



fabricated with position and dimension accuracy of 100 nm, and the gap was less than
300 nm wide.

I invented a method to manipulate microcantilever deflection by utilizing thermally
stressed SU8. Due to thermally driven epoxy cross-linking, a SU8 polymer film patterned
on top of a microcantilever experiences tensile stress which results in bending up the
microcantilever. By using a probe tip attached to a piezotranslator, microcantilever
deflection could be accurately controlled by pushing down on the microcantilever. With
this approach we have demonstrated that a differential signal has a monotonic response

over the full deflection range of £0.5 um.

Discrepancies were observed between measurement and simulation. Therefore, |
investigated further to resolve them. From data analysis and simulations, | found that the
discrepancies were due to microcantilever rotation and a non-unity P1/P, peak ratio.
Pushing down the microcantilever with a probe tip induced microcantilever rotation
about its long axis unless the contact position of the probe tip was exactly on the center
line of the cantilever beam. Non-unitiy P,/P, peak ratio is caused by individual
waveguide’s property differences due to different defects in the waveguides, quality of
the polished outputs, and output fiber coupling efficiency. The effects are explained in
detail in a published paper [21].

I designed a new differential splitter using an asymmetric double-step multimode rib
waveguide to improve both optical performance and fabrication reliability. 1
demonstrated these benefits together with array integration, by designing and fabricating

photonic microcantilever arrays integrated with the newly designed differential splitters



and a waveguide splitter network. This work on the double-step rib waveguide-based

differential splitter has been published [22].

6. Upon further analysis, I realized that the double-step waveguide structure could be
modified to increase the sensitivity of the transduction signal. This was verified by
simulation, followed by sample fabrication and experimental measurement. The
measurements show that the signal sensitivity is enhanced by modifying the structure of
the double-step rib waveguide in the differential splitter through a larger step height. The
result is a sensitivity that is comparable to the best reported sensitivity of other
microcantilever transduction methods, which is approximately 10 nm™. A manuscript
describing this work has been submitted [23].

In summary, | have been working on the most significant technical aspects of the
photonic microcantilever device design, simulation, fabrication, and measurement to
experimentally demonstrate a new, scalable, microcantilever transduction method that has high
sensitivity. Moreover, | have also been integrally involved with integration of my photonic
microcantilever device with microfluidic devices to demonstrate how it performs in sensing
scenarios. Current work including the microfluidic and biosensing applications is briefly

described in Chapter 6.



2 BACKGROUND

Microcantilever-based devices have been investigated by a variety of researchers since
the sensitivity of microcantilever-based sensors was used to measure atomic forces between
single atoms in the 1980s. In this chapter, | first briefly review the history of microcantilever
sensors, followed by a discussion of cantilever beam theory and microcantilever properties. |
then discuss conventional transduction principles, readout methods, functionalization, and

applications for microcantilever sensor systems.

2.1 History

Atomic force microscopes (AFMs) based on microcantilevers made their debut in the
early 1980s. [24] The atomic force microscope can measure ultra small forces on particles as
small as single atoms. Its sensitivity has been proven at a sub angstrom range which could not be
measured by conventional optical instruments because of the diffraction limit. Improvements in
fabrication techniques have enhanced its capabilities over the years, allowing it to measure other
physical, chemical, and electromagnetic properties such as temperature [25-27], mass [28-31],
biochemical [1, 3-7, 9-12, 14, 32], and magnetic forces [33-35]. A conventional AFM consists of
a microcantilever and readout system. The microcantilever is a tens of microns scale cantilever
beam with a sharp tip at the end of the beam in order to scan a specimen surface. [24] When the

tip approaches a specimen surface, forces between the tip and the surface lead to a displacement



of the microcantilever, and the scanning result over the surface is recorded to represent the

surface contour image as shown Figure 2-1.

AFM microcantilever
probe tip

Sample

Figure 2-1: A schematic description of an atomic force microscopy and SEM images of commercially
available microcantilever probe tips (courtesy: www.xintek.com and www.nano.org.tr)

Typical microcantilevers are made of silicon or silicon nitride. Readout methods to
measure the motion of the microcantilever are optical lever, piezoresistive, piezoelectric,
capacitive, and optical interferometry [36, 37] methods. The most sensitive readout method is the

optical lever method [38, 39] in which a laser beam is reflected from the top surface of a



microcantilever to a position-sensitive photo detector. The operational mode of the AFM
depends on the application; in general, the primary operation modes are divided into static and
dynamic modes. In the static mode, also called a contact mode, the static deflection of the
microcantilever is measured. In the dynamic mode, also called a non-contact mode, the
microcantilever oscillates at its resonant frequency, and the resonant frequency is changed by
forces between the tip and the surface. In this mode changes of the resonant frequency are
measured.

In the mid-1990s, two research groups reported [26, 40] using AFM microcantilevers as
sensors. Since then, microcantilever-based sensors have been demonstrated for various
applications, and their versatility also has been realized by a variety of selective layers [2].
Currently, sensors using microcantilever transducers are being applied to diverse research fields.
In order to understand how they work, first we need to investigate the fundamentals of

microcantilever properties using a simple cantilever beam model.

2.2 Microcantilever Theory

A cantilever is a simple beam structure in which one end is fixed and the other is free. A
cantilever beam is usually subjected to loads laterally or transversely to its axis, and is commonly
used in structures and machines. In order to understand the mechanical behavior of the
microcantilever as a cantilever beam, we briefly review cantilever beam theory.

Bernoulli-Euler beam theory is the most commonly used for scientific and engineering
problems because of its reasonable approximations and simplicity. The Bernoulli-Euler beam
model has the following basic assumptions: [41]

e One dimension is larger than the other two



e The material is linear elastic

e The Poisson effect is negligible

e The cross-sectional area is symmetric so that the neutral and centroid axes coincide

e Planes perpendicular to the neutral axis remain perpendicular after deformation

e The angle of rotation is small so that the small angle assumption can be used

The following sections describe the theory for mechanical behavior of a cantilever beam
in bending and vibration. Cantilever operation is divided into static and dynamic modes which

are used in sensing applications.

2.2.1 Operation Principles: Static Mode

Static mode indicates static deflection such that a rectangular cantilever beam is bent

under the action of applied forces on the axis of the straight beam.

N\ dwdx=0
rh',
Y 3 X

Figure 2-2: Cantilever beam deflection
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The deflection u of the beam at the end is the displacement of the tip from the x-axis in the y-
direction. The geometry is shown in Figure 2-2. The definition of the curvature { at a distance x

from the y axis is expressed as [42]

__dx® @.1)

where R is the radius of curvature.
The square of the slope, (du/dx)?, may be negligible relative to unity since the assumption
of the beam theory is the deflection of the beam is small compared with the length of the beam.

Hence Equation 2.1 is expressed as

d2
é’: :d—xl:. (22)

1
R
The curvature represents the rate at which the slope varies along the axis of the beam.

There is a neutral axis of the cross section of the rectangular beam which is located at zero strain

or stress. According to Hook’s law of elasticity, the stress and strain relationship is denoted as

o=¢E 2.3

where ¢ is normal stress, ¢ is strain, and E is Young’s modulus. The concept of stress is a
measure of the internal forces in the unit area reacting to external forces. When the bending
moment is loaded onto a cantilever beam, it causes compression on one surface area and tension
on the other. A compressive stress appears in the tension area, and a tensile stress in the

compression area.
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From the linear bending moment-curvature relationship, we can obtain

1 M
== 2.4
¢ R_El (2.4)

where M is a bending moment, E is Young’s modulus, and the moment of inertia | of the cross

section about the centroid axi is defined as: | = j y?dA. The moment of inertia | for a rectangular

cantilever beam is given by

_bh?

| = —
12

(2.5)

where b is width and h is thickness shown in Figure 2-3.

A Yzt ]

]

Figure 2-3: Cantilever beam geometry and bending moment

To obtain a differential equation for the deflection curve, the Equations 2.4 and 2.2 are

combined,

du M
:W:—. (26)

6= El

1
R
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Solving Equation 2.6, the deflection angle and deflection can be expressed as

~ Mx
TEl
_Mx?
C2El

0

@.7)

The maximum deflection angle and the maximum deflection at the free end of the cantilever
beam due to the moment M can be calculated by substituting the length of the cantilever beam, L,

into x with the results given by

M
max gl
2.8
e (2.8)
max 2EI "

Let’s now consider a cantilever beam coated with a thin film on one surface. If the thin
film is made of a different material from that of the cantilever, their mechanical properties and
responses to stimuli will be different. As a result of the difference between the upper and lower
stresses, a1 and o, respectively, in the cantilever beam, a bending moment is induced which is

described by

M :%Aa (2.9)

where Ao = o, —o,is the stress difference.

Inserting Equation 2.9 into 2.6, we can obtain one form of Stoney’s formula: [43]

1 bhAc 6Ac

R 2EI Eh?’

(2.10)
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Stoney’s formula has been modified by substituting E with E/(1-v) since surface stress is
isotropic in all directions in the film which is assumed to be isotropic. [44] Hence Equation 2.10

becomes

6Ac

1
—_—= 2.11
R E(1-v)h? (1D

where v is Poisson’s ratio.

This modified Stoney’s formula is used to calculate the surface stress and involves the

following assumptions: [45]
i.  Both film and substrate have uniform thickness and the same radius of curvature R;
ii.  Both the strain and rotation of the beam are very small,
iii.  Both the film and substrate are isotropic, homogeneous, and linear elastic;
iv.  Surface stress components in the film are equi-biaxial or isotropic;
v.  Curvature components are equi-biaxial;
vi.  All stress and curvature components are spatially constant over the surface.

Surface stress changes can be caused by adsorption or interaction between molecules on
the surface of the film and adsorbed molecules on the cantilever beam. Usually surface-stress-
induced bending can cause static bending of the cantilever beam. Therefore, a microcantilever
with a selective film layer can be used to detect molecular interaction on the film surface because

surface stress changes caused by the interaction drive the microcantilever to bend.

14



2.2.2 Operation Principles: Dynamic Mode

In this section we review the resonant behavior of a cantilever beam. According to
mechanical vibration theory, after disturbing a cantilever beam, it vibrates at its natural
frequency since the inertia of the beam causes it to oscillate. First of all, the governing
differential equation of motion of a cantilever beam obtained using Hamilton’s principle is given
in the following equation [41]
o*u(x.t)

2
algii(’t)+El v = f(xt) (2.12)

PA

where p is the density, A is the cross-sectional area, E is the Young’ modulus, and | is the
moment of inertia of the cantilever beam. A cantilever beam is fixed one end and is free the other
so that at the fixed end both deflection and slope are zero and at the free end both shear force and

bending moment are zero. This can be summarized as

u=0, (2—u =0 for fixed end,
, 3X (2.13)
ou o°u
— =0, —5 =0 forfreeend.
OX X

As forming an initial-boundary-value problem, the differential Equation can be solved using
eigenfunction expansion and variable separation. In order to solve the differential Equation of
motion, first we consider a homogeneous problem by setting f(x,t)=0. By applying variable
separation with u(x,t)=W(x)T(t) where W is independent of time t and T is independent of
position x, the differential Equation of motion can be separated into two ordinary differential

Equations,
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where L is the length of the cantilever and the dimensionless parameter o is defined as;

a) _pA
L El

Solutions of the homogeneous differential equations are

T(t)=d,sinwt+d,cosat

W(x):clsin @ X+C, COS @ X+C35inh(gJX+C4cosh(gjx,

(2.14)

(2.15)

(2.16)

By applying boundary conditions to the spatial function W(x), a characteristic frequency equation

can be obtained as

cosacosha+1=0

(2.17)

with the first five values «; for the Equation 2.17 in Table 2-1. [41] Figure 2-4 shows schematics

of the first four modes of a cantilever beam. [46]

Table 2-1: The first five wave numbers for the frequency characteristic equation

0o

o1

o,

o3

04

1.875

4.694

7.855

10.996

14.137
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Figure 2-4: Shape of the first four vibration mode of a cantilever beam

An unloaded beam freely vibrating in a bending mode in a vacuum will have a number of

resonant frequencies. [47] The general expression of the i th mode resonance of the beam, fj, is

given by
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A spring constant, also known as a force constant, k, is defined as k=F/x (i.e. k=3EI/L? for the
rectangular cantilever beam). By substituting p=m/bhL and A=bh into Equation 2.18, f; can be

expressed with the spring constant term as shown in Equation 2.19,

o’ /k
f = ! — 2.19
I 272'\/§ m ( )

where m is the mass of the cantilever beam.

If a thin film coated on the surface of the cantilever beam reacts with molecules or other
reagents, same of the molecules will adhere to the cantilever. The mass of the cantilever beam
will increase by the additional mass, 4m, of the gained layer. As a result of that, the resonance
frequency of the cantilever beam will shift. The new frequency can be obtained by inserting the
additional mass term Am into Equation 2.19, which can be used to estimate the sensitivity of the

cantilever beam to additional mass as

§ am ai2 k

C T B mram’

(2.20)

Such an additional layer can also effect the stiffness of the cantilever beam since the cross-
sectional area of the cantilever beam increases due to the adsorbed layer. The cantilever beam’s

moment of inertia is also changed and it can be expressed as

bh.3 h ?
| =—2 4ph|-2_h— 221
a7 12 a(z yC] (2.21)

where h, is the thickness of the adsorbed layer, h is the cantilever beam thickness, and y. is the

centroid of the total cross-sectional area including the adsorption layer given in Equation 2.22
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_ Eh?+E,(2h,h+h?)
Ye = 2E,h, +2Eh

(2.22)

where Ej, is the Young’s modulus of the adsorbed layer. As a result, the force constant of the
cantilever beam changes with the additional force constant 4k defined by Ak :(3Eala / LS).

Thus, the resonance frequency can be modified by combining 4k into Equation 2.19 and is given

by

- =
o223 \Y\m m

2
f ok a, k Ak (2.23)

The surface stress change due to the interaction between molecules can be considered as another

effect on the shift of the resonance frequency and is denoted in the following equations:

fao _ 1 1+ 2A0® (ﬁjz h (2.24)
N &) Elz2 \ L) \'m '
where o is surface stress defined by Equation 2.25;
Ao \? 3 2
Aa_[[ fif j —1} ESZLZZ . (2.25)

Hence, the combination of the three Equations, 2.19, 2.23, and 2.24, are expressed a general case
of a frequency shift due to additional mass, to additional stiffness, and to additional surface stress

as shown in Equation 2.26

3 2
fiAm,Ak,Aa _ 1 1+ ZAGIE E&] \/ K + Ak ) (2.26)
273 Elz> \L) \m+Am m+Am
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2.3 Transduction Principles

A sensor is a device that detects a physical quantity and transforms it into a signal. A
sensor indicates a state or a value on an analog or digital display by a signal converter. In
general, bio- or chemical sensors consist of a transducer and a selective layer so that measurable
output signals can be generated in response to stimuli. A microcantilever as a transducer has
been used in many different areas. [2, 48, 49] Before discussing modes of operation for

microcantilever based sensors, three examples are illustrated in Figure 2-5.

Figure 2-5: Microcantilever operation modes: (a) static mode (surface stress) (b) dynamic mode
(microbalance) (c) dynamicmode (thermogravimetry)

In static mode, the following are examples of transduction principles: [2, 6-8, 14, 32, 43,
49]
e Surface stress in which an adsorbed layer of molecules on the selective layer-
coated surface of a microcantilever beam induces a change
e Diffusion into polymer that diffusion of target molecules from the environment
around a microcantilever beam causes swelling of the polymer layer,
e Biomolecular recognition that target molecules from the environment binds with

analyte molecules on the selective layer coated surface
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e Bimetallic thermal effect that a microcantilever composing of a sandwich of
materials which have different thermal expansion coefficients bends as a change
of temperature or heat

Some sensing scenarios using dynamic mode are as follows:

e Mass change that additional mass loading on the microcantilever beam causes a
shift in its resonance frequency [28-31]

e Medium visco-elasticity that changes in viscosity or density of the environment
influence the damping condition in the vibration mode of a microcantilever [50,
51]

e Thermogravimetry that tracks the resonant frequency shift of a microcantilever

while changing the temperature to determine the additional mass change [52]

2.4 Readout Methods

The readout method plays an important role in which it is used to detect the mechanical
state of a microcantilever. There are various readout methods in use for microcantilever sensors,
and each method has different merits and problems. In this section, we describe common readout

methods.
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2.4.1 Piezoresistive Method

Microcantilever

Piezoresistor ’ E

Wheatstone brodge

\c-a ntact pads/ |—

Figure 2-6: Schematic drawing of the piezoresistive readout method for microcantilevers

A schematic diagram of piezoresistive detection is shown in Figure 2-6. A piezoresistive
material changes its electrical conductivity when external force is applied to it. A deflection of
the microcantilever into which a piezoresistive material is integrated causes the change in
resistance. The piezoreisistive effect is used in a Wheatstone bridge at the microcantilever sensor
platform, and the microcantilever deflection or bending is determined by measuring the
resistance change in the Wheatstone circuit. The piezoresistive readout method is well-suited to
measure a large number of microcantilever arrays and to make a compact system such as a lab-
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on-a-chip device. [15, 16, 35, 53, 54] The disadvantages of this technique are electronic, thermal,
and conductance fluctuation noise, nonlinear response, thermal drifts caused by temperature

changes, and poor sensitivity. [55, 56]

2.4.2 Capacitive Method

Microcantilever beam with electrode

Insulation
layer

Counter-electrode layer

Figure 2-7: Schematic drawing of the capacitive readout method

A capacitive method is based on measuring the capacitance between an electrode on a
microcantilever and another electrode fixed on the substrate underneath the microcantilever with
a small separation as shown in Figure 2-7. [19] Upon mechanical movement of the
microcantilever the capacitance between two electrodes changes and allows the deflection of the
microcantilever to be determined. Sensitivity of the capacitive method is dependent on the
separation distance between the microcantilever and the substrate because the capacitance is
inversely proportional to the separation between two electrodes. This technique suffers from

interference with changes in the effective dielectric constant of the medium around the electrodes
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and from stiction when parallel electrode plates are brought in too close proximity. [2, 47] As a

result, the capacitive method is usually used in gaseous and not aqueous media.

2.4.3 Optical Lever Method

Figure 2-8: Conceptual sketch of the optical readout method using laser beam reflection technique

The most commonly used readout method is the optical lever technique shown in Figure
2-8, which is also called as laser beam reflection. It is applicable to both static and dynamic
mode measurements. A laser beam focused on the microcantilever tip is reflected to a position-
sensitive photodetector (PSD), where the reflected beam position is changed by the mechanical
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motion of the microcantilever. This optical method can detect ultra small changes in
microcantilever deflection as small as a few angstrom (=10"°m) and is currently the most
sensitive readout method for microcantilever sensors. [8, 49, 57] Other advantages of the optical
lever method are simplicity, linearity of response, and reliability. But some limitations of this
technique are well known, i.e., interference from changes in the optical properties of the
surrounding medium around the microcantilever and nonlinear response of the photodetector.
Also this technique does not scale well to a large number of microcantilevers in an array. [8, 56]

As a result, the number of microcantilevers in an array is limited.

2.5 Functionalization

Microcantilever-based sensors have to be functionalized by depositing or coating a
selective or receptor layer directly on one or more surfaces of the microcantilever to achieve
selectivity in response. For static mode, interaction between the selective layer and the target
analyte which can bind to the selective coating on the microcantilever surface causes a change in
the surface stress between the functionalized and non-functionalized surfaces. There are many
materials including metals and organic chemical/biological molecules that can be used for the
selective layers, the choice of which affects the selectivity, reproducibility, and sensitivity of the
microcantilever sensor system.

Metal or ceramic films as selective layer coatings with a high affinity for a specific
analyte are used to detect the analyte in ambient air or liquid around the microcantilever. When
all surfaces on the microcantilever are deposited by a selective layer, analyte molecules in the
medium bind to the selective surfaces and then the concentration of the analyte molecules is

directly related to the change in a mass of the microcantilever beam. As a result of the mass
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change, the resonant frequency is shifted proportionally to the amount of additional mass.
However, if only one surface is functionalized, then static mode measurement can be used since
the molecular interaction on the selective surface causes a differential surface stress between the
coated and uncoated sides of the microcantilever resulting in static deflection.

Functionalization methods are also important to realize a microcantilever system as a
sensor. There are numerous techniques to coat a microcantilever beam with material. First of all,
conventional evaporation and sputtering methods are commonly used to deposit metallic or
ceramic materials in microfabrication batch processes. These methods are suitable for coating
large areas or coating a single side of microcantilever beams, but not individual microcantilevers
in an array without complex shadow masking processes. Other simple methods to coat
microcantilevers use manual approaches such as pipetting, dropping, and pin-dipping.
Disadvantages of these simple methods include scalability to large arrays of microcantilevers,
limited reproducibility, and time-consuming. For a microcantilever array, microfluidic network
devices can be used to deliver specific solutions to each microcantilever through separate
microfluidic channels. [58] A capillary array is another approach to simultaneously coat multiple
microcantilevers. A simple array of glass capillaries designed to accommodate the dimensions
and pitch of the microcantilevers in a linear array is filled with a variety of solutions containing
materials such as polymers, self-assembled monolayers, protein solutions, and single-stranded
DNA oligonucleotides. [59] This method involving insertion of the microcantilever array into the
capillary array to functionalize microcantilevers. All of above methods for an array use manual
alignment of the microcantilever array and functionalization device, and are limited for a large
number of microcantilevers. A micro/nano-inkjet printing technique overcomes the

disadvantages since it affords efficient, rapid, and reliable functionalization of only one side of
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the microcantilevers. By adjusting the size and number of droplets spotted on the
microcantilever, the thickness of the selective layer coating can be precisely controlled. [59] The
down side is that it is a serial method. Currently, this inkjet printing technique is used to

functionalize our SOI photonic microcantilevers.

2.6  Applications

Microcantilever sensing applications have been investigated by numerous researchers.
For exampless, microcantilevers coated with gold (Au) on functionalized surfaces have been
used to detect the concentration of Mercury in a gaseous medium because of the significant
affinity between Au and Mercury molecules. [1] Additionally, artificial nose applications in
which many chemicals need to be detected at once, and microcantilevers with polymer or sol-gel
coatings for vapor phase analytes [60, 61] have been investigated. Array interesting application
is biosensing since microcantilever biosensors could potentially be faster and cheaper compared
to typical bioassay sensors. [2] Biological molecules attached to one or more microcantilever
surfaces are able to bind selectively with the target molecules to which they have strong affinity.

The following are some examples of biological sensor applications. Baselt et al. [62]
showed that it is possible to detect the presence of receptor-coated magnetic particles bound to a
microcantilever by functionalizing the microcantilever surface with specific receptors for
magnetic particles which is attached an analyte whose counterpart is the receptor on the surface.
The deflection of the microcantilever is measured while the magnetic particles amplify the
deflection by applying an external magnetic field. Antonik et al. [63] proposed sensing the
response of living cells cultured directly on a microcantilever surface to external chemical

stimuli. llic et al. [64] measured the number of bacteria adsorbed onto an antibody-coated
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microcantilever by monitoring changes in its resonant frequency. The detection of prostate-
specific antigen over a wide range of concentrations was reported as a diagnostic assay using
microcantilevers by Wu et al. [4]. Using the antibody-antigen interaction of biotin and
streptavidin, Raiteri et al. [32] show that the specific binding causes a microcantilever to bend.

Microcantilever based sensors have also been applied to genomics research. Fritz et al.
[3] used a microcantilever array to detect single-stranded DNA (ssDNA) hybridization. They
were able to discriminate a single mismatch between two 12mer oligonucleotides. Other
researchers also reported DNA-based sensing experiments [65, 66] with microcantilever sensor
systems.

From these bioanalytic measurements, we can conclude that microcantilever biosensors
are promising tools for a new class of miniaturized sensor systems. High sensitivity, versatility,
label-free, and reproducibility are required for a high-end sensor system in biotechnology and
nanotechnology. In order to improve performance of microcantilever based sensor system for

applications such as clinical diagnostics, further research and development are ongoing.
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3 IN-PLANE PHOTONIC TRANSDUCTION FOR SOI MICROCANTILEVERS

An in-plane photonic transduction method utilizes a differential splitter consisting of an
asymmetrical amorphous silicon strip-loaded multimode rib waveguide and a Y-branch splitter
to transduce the deflection of a photonic waveguide microcantilever, which itself forms a single
mode rib waveguide, into an optical signal. [67-69] In this chapter | introduce the transduction
method and present a first generation design and experimental measurement. In order to optimize
sensitivity and fidelity of the in-plane photonic transduction method for silicon-on-insulator
(SOI) microcantilevers, we first do a design analysis based on computer simulations, and then an

integrated photonic circuit to experimentally demonstrate the proposed transduction method.

3.1 Optical Waveguide Transduction Method

A number of groups have proposed measuring microcantilever properties by turning the
microcantilever into a waveguide and capturing light with a static single mode waveguide that is
fixed across a small gap from the free end of the microcantilever [57, 70, 71]. To illustrate the
advantages and disadvantages inherent in this approach, consider the photonic microcantilever
geometry in Figure 3-1(a) in which a silicon microcantilever is etched to form a single mode rib
waveguide. The waveguide cross section is shown in Figure 3-1(b) and supports a single
transverse electric (TE) mode (i.e., electric field polarized in the plane of the silicon layer) at a
wavelength of 1550 nm. The optical power captured in the static waveguide is shown in Figure
3-1(c) as a function of vertical deflection of the photonic microcantilever.
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Figure 3-1: (a) Schematic layout of photonic microcantilever with single mode receiver waveguide (b)
Waveguide cross section (¢) Simulation result for the normalized power in the output waveguide as a function
of microcantilever deflection. Simulations are performed with FIMMWAVE/PROP by Photon Design.

Note that near zero deflection there is very little change in the output power since the

slope in this region is small. Hence this approach suffers from lack of sensitivity in the middle of
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the measurement range. If, however, one could bias the operating point to a deflection of, say,
0.2 um, and operate in a range of approximately +0.15 um around this deflection, then this

approach offers the advantage of use of simple waveguides.

3.2 Photonic Waveguide Microcantilever Design

A new in-plane photonic microcantilever transduction mechanism based on an
asymmetric multimode static receiver waveguide is designed for silicon photonic devices. A
single mode rib waveguide embedded in a microcantilever and an asymmetrical amorphous
silicon strip-loaded multimode rib waveguide are key elements in this transduction method. The
structure of a single mode rib waveguide remains the same as shown in Figure 3-1(b). Figure 3-
2(a) shows a schematic diagram of the microcantilever and waveguide geometry. The receiver
waveguide consists of a 3.0 um wide etched rib in the silicon layer and a 0.1 pum thick
amorphous silicon strip loading that is 1.5 um wide and is placed over half of the etched rib as
shown in Figure 3-2(b). This asymmetric multimode section supports two TE waveguide modes
and terminates in a Y-branch 1x2 optical power splitter. We use a commercial simulation tool,
FIMMWAVE/PROP (Photon Design, Ltd), to evaluate performance of the photonic

microcantilever system.
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Figure 3-2: (a) Schematic 3-D layout of the photonic microcantilever system with the in-plane photonic
transduction method (b) asymmetric amorphous silicon strip-loaded multimode waveguide

The top-view layout for the photonic simulation is shown in Figure 3-3. The lengths of
the input single mode rib waveguide, strip-loaded multimode rib waveguide, and Y-branch

splitter are 20 um, 100 pm, and 200 um, respectively.
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Figure 3-4: Intensity profiles (top view) of that (a) upward deflection (+0.5 um), (b) zero-deflection (0), and
(c) downward deflection (-0.5 um) cases of the input waveguide microcantilever.

Figure 3-4 shows intensity profiles of three different cases of the microcantilever

deflection. As shown in Figure 3-4(a) and Figure 3-4(c), the intensity profile at the output,
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especially Py (the upper waveguide of the Y-branch), is different between the upward and
downward deflection cases, even though the magnitude of deflection is the same. Hence, the
optical field distribution into P, and P, of a differential splitter is a function of microcantilever

deflection.
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Figure 3-5: Simulation results for output power as a function of microcantilever deflection.
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Figure 3-6: Differential signal as a function of the deflection of the input waveguide microcantilever
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The output power as a function of microcantilever deflection is shown in Figure 3-5.
Note that the individual output power profiles are each Gaussian-like similar to what is observed
for a single mode receiver waveguide as shown in Figure 3-1(c). However, there is a small
offset, A (0.035 pum), between the peaks of P1 and P2 in Figure 3-5. This is significant because
we can define a differential signal, n, as

_P:—P:
P2+ Ply

n (3.1)

which is monotonically dependent on microcantilever deflection as shown in Figure 3-6. Note
that it is a monotonic function of deflection and hence the lack of sensitivity in the middle of the

measurement range seen in Figure 3-1(c) is avoided. For £0.5 um deflection, the contrast, «, of

the differential signal (i.e., the difference between the differential signal values at the endpoints

of the measurement range, -0.5 um and 0.5 um, x=n, - 1,,,) 1S 0.23. Naturally, we want to

maximize « in order to have the largest possible signal range.

We perform photonic simulations to optimize the design of the amorphous silicon strip-
loaded multimode rib waveguide-based differential splitter for better performance. Figure 3-7
shows output power P; and P, curves as a function of the length of the amorphous silicon strip-
loaded waveguide and the contrasts for several arbitrarily chosen lengths. In order to see the
effects of the strip-loaded waveguide length on the output and contrast, we monitor output
signals from the differential splitter as a function of the length. As shown in Figure 3-7(a), output
signals oscillate as a function of the strip-loaded waveguide length. Contrasts for several strip-
loaded waveguide lengths are shown in Figure 3-7(b). Note that there is a variation in the

contrast. The 100 um length case shows the largest contrast among the chosen lengths.
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Figure 3-7: (a) Optical power in each output and (b) contrast of the differential signal for arbitrarily chosen
lengths as a function of the length of the strip-loaded multimode rib waveguide.

Another parameter of interest is the thickness of an amorphous silicon strip. The
refractive index of amorphous silicon, which is deposited by a sputtering system, is 3.0. To
perform photonic simulations, the length of an amorphous silicon strip-loaded multimode rib

waveguide is chosen to be 100 mm long. Figure 3-8 shows the contrast as a function of the
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thickness of an amorphous silicon strip. This result indicates that thicker is slightly better.
However, the contrast is not a strong function of the thickness in the range of 100 nm to 200 nm
since the difference of the contrast values is only 0.01 between the 100 nm and 200 nm thickness
cases. Since the amorphous silicon strip loading will be patterned with a lift-off technique which

is easier for thin films, we choose a thickness of 100 nm.

0.30

4 | Contrast

Contrast
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Figure 3-8: Simulation results of the contrast of the differential signal as a function of the thickness of the
amorphous silicon strip-loading on the multimode receiver waveguide for four different thickness cases for an
asymmetric multimode rib waveguide length of 100 um.

The center-to-center horizontal offset between the input single mode and amorphous
silicon strip-loaded multimode rib waveguides is also considered as a design parameter. The
optical power in each output as a function of horizontal offset of the waveguide microcantilever
is shown in Figure 3-9, which illustrates this effect for zero deflection. We calculate the contrast

«k of the differential signal for arbitrarily chosen offsets and append to Figure 3-9. The contrast of
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the -0.5 pm offset case is greater than that of the +0.5 um case (i.e., the minus direction is toward

P1 (upper output) shown in Figure 3-3).
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Figure 3-9: (a) Optical power in output as a function of the length of the strip-loaded waveguide, (b) contrast
of the differential signal in the selected length of the strip-loaded waveguide

On the basis of the above simulation results, we choose as an initial design a 100 um long
amorphous silicon strip-loaded multimode rib waveguide, a 100 nm thick amorphous silicon
strip, and a minus half micrometer offset of the input waveguide. Simulation results based on
these parameters are shown in Figure 3-6, and in which we expect to achieve a contrast of 0.23.

We now turn to a brief examination of the optical properties of the waveguides to
understand the role of a differential splitter for in-plane photonic transduction. The single mode
rib waveguide embedded in the microcantilever guides only a fundamental mode, while the

asymmetric amorphous silicon strip-loaded waveguide supports two guided modes, the
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fundamental and first order modes. The intensity profiles of the guided modes are shown in

Figure 3-10.
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Figure 3-10: (a) Intensity profile of the fundamental TE (transverse electric) mode of the single mode rib
waveguide. The asymmetric amorphous silicon strip-loaded multimode rib waveguide guides two TE modes,

the (b) fundamental and (c) first order modes.

Coupling based on mode overlap integrals between the incident mode exiting the single mode rib

waveguide into the two guided modes of the strip-loaded waveguide as a function of deflection is

shown in Figure 3-11 (dashed lines indicate the maximum mode coupling position.). The curves

of the mode coupling are Gaussian-like, and there is a lateral separation between the maximum

mode coupling into the fundamental and first order.
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Figure 3-11: The mode coupling between the incident mode and two guided modes as a function of deflection.
Dashed lines show the maximum mode coupling deflection position.

The lateral separation of the mode coupling is related to the difference in the mode shape
between the guided modes. Output powers, P; and P,, from the differential splitter correlate with
the mode coupling. Hence, the maxima separation of the mode coupling affects the differential
signal which is formed by the differential splitter outputs. Therefore, our in-plane photonic
transduction mechanism utilizing a differential signal is based on the asymmetric structure of the
amorphous silicon strip-loaded rib waveguide. The relationship between the waveguide structure

and differential signal is examined in detail in Chapter 5.
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3.3 Design and Fabrication of Photonic Microcantilever System

For demonstration of the in-plane photonic transduction method for SOI photonic

microcantilevers, we design a single microcantilever set. The layout is illustrated in Figure 3-12,

e
Strip-loaded waveguide P

1

Microcantilever

‘ mmmm Waveguide '

Figure 3-12: Single set of a photonic microcantilever system

One single mode input waveguide is divided by a 1x2 Y-branch splitter into two single
mode waveguides, and these waveguides extend to the end of the microcantilever. The
microcantilever is 100 um long and 35 pm wide, and the two waveguides in the microcantilever
are 18 um apart. The upper waveguide sources light into our differential splitter structure while
the lower one is coupled into a single mode static waveguide. The purpose of the lower
waveguide, which is the same situation as described in Section 3.1, is to allow us to determine
zero deflection for the microcantilever. The multimode capture waveguide is terminated by two

tapered multi- to single mode waveguides. S-bend structures were designed and inserted to create
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250 um separation between the 3 output waveguides so that their outputs can be measured
simultaneously with a butt-coupled fiber array mounted in a fiber block. Specific design
parameters of the S-bend and the tapered multimode to single mode waveguide sections are

shown in Figure 3-13.
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Figure 3-13: Design parameters for (a) input waveguide splitter with S-bend structures, (b) S-bend in the
output single mode waveguide, (c) the tapered multi- to single-mode waveguide section
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We fabricated 1 cm? chips with eight copies of the photonic microcantilever set shown
in Figure 3-14. Fabrication starts with a 100 mm SOI wafer that has a 0.75 pum single crystal

silicon layer and a 3 um buried oxide layer.
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Figure 3-14: Schematic layout of a 1 cm? die which has 8 copies of a single microcantilever set

Fabrication is divided by two categories, wafer-based processes and individual die-based
processes. In the wafer-based process, waveguides and cantilevers are defined in separate
photolithography steps in a contact mask aligner, each of which is followed by a silicon etch in
an inductively coupled plasma reactive ion etcher (ICP RIE) (Surface Technology Systems).

After all wafer based processes are performed, the wafer is diced into discrete die. An individual
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die is further processed by patterning a 300 nm gap at the end of the microcantilever to form its
free end. This is done by electron-beam-lithography (EBL) with a Nanometer Pattern Generation
System (JC Nabity NPGS) and field emission environmental scanning electron microscope
(FEI/Philips XL30 ESEM-FEG) using alignment marks that are patterned in the same step as the
waveguides. After anisotropic etching of the gap and stripping of the e-beam resist, a further
EBL step is done to define the strip loading on the multimode waveguide, followed by sputtering
of amorphous silicon and lift-off. Etching in hydrofluoric (HF) acid followed by critical point
drying (Tousimis Autosamdri 815B) is used to remove the buried oxide and release the
microcantilevers. Figure 3-15 shows a fabrication process flow of the wafer-based steps. The

individual die-based fabrication flow chart is illustrated in Figure 3-16.
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Figure 3-15: Fabrication flow chart for wafer based process
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Figure 3-17 shows a fabricated photonic microcantilever: (a) a microscope image of a
waveguide microcantilever before starting individual die-based fabrication and SEM images (b)
through (d) of the microcantilever fully released after the HF release process. A close-up of the
gap region is shown in Figure 3-17(d) in which placement of the strip loading can be clearly

seen.

Figure 3-17: (a) Microscope image of a waveguide microcantilever fabricated on a SOl wafer, SEM images of
(b) after releasing the microcantilever, (b) close up of microcantilever and strip-loaded multimode receiving
waveguide, and (d) close up of a gap.
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3.4 Experimental Measurement

To measure the differential signal as a function of microcantilever deflection, we pattern
an SU-8 polymer layer on the top of the microcantilever, and heat-treat it to deflect the
microcantilever due to tensile stress induced by thermally driven epoxy cross-linking. As shown
in Figure 3-18, a sharp probe tip located on the end of the piezoactuator (Physik Instrumente,
Germany) makes physical contact with the microcantilever such that vertical displacement of the

microcantilever tip can be accurately controlled by pushing down on the microcantilever.

Probe tip

Si
SiOp

Si

Figure 3-18: Schematic of the experimental set-up using thermally treated SU-8 to bend the cantilever beam
up.

Figure 3-19 shows an SEM image of a microcantilever bent up by a stressed SU-8 film.
The amount of the initial deflection is controlled by the temperature at which the film is cured. In
our samples this is typically 6-10 um. A top-view CCD image of a probe tip pushing down a

microcantilever is shown in Figure 3-20.
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Figure 3-19: SEM image of a cantilever beam bent up by a stressed SU-8 patch.

Figure 3-20: CCD camera image during an experiment to demonstrate the photonic waveguide
microcantilever transduction mechanism.
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Light from a fiber-coupled super luminescent light emitting diode (SLD) with a center
wavelength of 1550 nm is amplified by an erbium-doped fiber amplifier (EDFA) and propagated
through a polarization controller paddle to create TE polarized light at the end of the fiber. The
TE polarized light is then butt-coupled to the chip. An optical fiber array block is used to
simultaneously collect the three optical output powers (P;, P2, and Prs) which are directed to
individual photodetectors (PDAL10CS, Thorlabs) that are sampled at 5 kHz by a computer-
controlled data acquisition card (NI BNC-2110, National Instruments). The total piezoactuator
scan distance for a measurement is 3 um with a step increment of 50 nm. At each position, 100

data points are recorded and averaged.
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Figure 3-21: Measured output power as a function of piezoactuator position.
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Figure 3-21 shows the measured optical power for the three outputs as a function of
piezoactuator position. The position of the peak of P, is coincident with that of P, and P, has an
offset as expected. To determine the actual deflection of the microcantilever, the piezoactuator
position is converted to microcantilever position based on the contact point of the probe tip and
knowing that the peak of P, occurs at zero deflection. The result is shown in Figure 3-22 in
which Py and P, are plotted as a function of microcantilever deflection. Gaussian curve fits are

also shown.
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Figure 3-22: P, and P, as a function of deflection of the microcantilever converted from the piezoactuator
position
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3.5 Analysis and Discussion

There are a number of differences between the experimental measurement in Figure 3-22
and the initial simulation result in the Figure 3-5. For example, the ratio of the peak value of P,
to Py, P1/P, in Figure 3-5 is approximately 0.16/0.72 = 0.22, whereas it is (6.0 uW)/(0.58 uW) =
10 for the experimental data. Note that there are a number of possible causes for this difference.
These include quality of the polished output facet and the concomitant effect on coupling
efficiency into the two output fibers, different defects in the waveguides between the Y-branch
and the output facet, and the fact that the fibers in the fiber block have a 1 um center-to-center
spacing tolerance that affects the individual fiber coupling efficiency.

There is another difference between measurement and simulation that is more significant.
In Figure 3-5 the position of the peak of P; relative to the peak of P,, A, is 0.035 um, whereas it
is -0.045 um for the experimental data. Note that the sign as well as the magnitude of the offset
is different. Through a combination of experimental investigation and simulation, it is clear that
the difference is due to a rotation of the microcantilever about its long axis which is caused by

the probe tip contacting the cantilever at a position off of the centerline of the microcantilever.

ccw cw

Figure 3-23: Definition of counter-clockwise (ccw) and clockwise (cw) rotation
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As the probe tip pushes down on the microcantilever, it causes a rotation of the cantilever as well
as a deflection if the probe tip is off-center. Referring to Figure 3-17 and Figure 3-23, the sense
of rotation is counterclockwise (ccw) if the probe tip touches above the microcantilever center
line (i.e., positive x-axis in Figure 3-23) and clockwise (cw) if it is below the center line.

In our experimental setup it is not possible to reliably place the probe tip directly on the
microcantilever center line. We therefore infer the rotation from experimental measurement and

compare with simulation for that inferred rotation.
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Figure 3-24: Offset and contrast as a function of rotation angle of the microcantilever about the z-axis.
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Figure 3-24 shows the predicted offset (left axis) as a function of microcantilever rotation. Note
that the offset is positive for microcantilever rotations greater than -1.5°, and negative for
rotations less than -1.5°. The horizontal blue dashed line indicates the experimentally measured
offset of -0.45 pum and the vertical blue dashed line shows that this corresponds to a

microcantilever rotation of -3.3° (i.e., 3.3° ccw around the z-axis).
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Figure 3-25: Simulation result of input waveguide microcantilever tilted 3.3 degree ccw direction about z-
axis.

Figure 3-25 shows simulation results for P, and P, for the case of 3.3° ccw
microcantilever rotation. Now the offset of Py and P, of course matches experiment, but the peak
P1 to peak P, ratio, P1/P,, is still different (0.44). It turns out that the differential signal is

dependent on this ratio, as illustrated in Figure 3-26, which is obtained by scaling P; relative to
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P, and forming the differential signal. Note that for P,/P, ratios of order 1, the differential signal
curves are quite similar (i.e., have nearly the same slope and therefore nearly the same contrast)
and differ mainly in their average value. However, when the ratio significantly differs from 1

(such as the case of P1/P, = 10) the slope and hence the contrast becomes smaller.
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Figure 3-26: Differential signals tilted 3.3 degree to ccw direction as different ratios of Py/ P,

Figure 3-27 shows the differential signal from simulation for P1/P, = 10 and the measured
differential signal. There is good agreement between measurement and simulation, indicating
that the differential signal behaves as predicted and hence we can expect the differential signal

for an unrotated microcantilever to exhibit characteristics similar to Figure 3-6.
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Figure 3-27 Comparison with the simulation and measurement results

We turn now to a discussion of microcantilever measurement sensitivity, which can be

calculated as [72]
S=—»F— (3.2)

where An is the differential signal variation over some deflection range Az, and 1o is the
differential signal for zero deflection. From the initial simulation (Figure 3-5 and Figure 3-6), we
calculate a sensitivity of 3.6x10™ nm™. The observed deflection sensitivity from Figure 3-27 is
1.4x10™ nm™, which is smaller than predicted by simulation primarily because of the reduced

contrast attributable to the large P:/P, ratio. Note, however, that the observed deflection
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sensitivity is still at least two orders of magnitude greater than piezoresistive transduction
techniques [53-55, 73] and comparable to other optical transduction methods [38, 39].

Another way to characterize the performance of the microcantilever sensor is the
minimum detectable deflection (MDD) [39, 53] which is defined as the deflection that

corresponds to a signal-to-noise ratio equal to unity. The MDD is calculated as

MDD = 27 3.3)
m

where m is the slope of the differential signal and o is the differential signal noise, which in turn

can be expressed as

2(6R,-P,)’ +(oP,-R)’
(P+PR)

on= (3.4)
where P; and P, are the power of the two output signals, and 6P; and 6P, are their noises,
respectively, for a given bandwidth. The powers and noises are determined empirically from the
noise floors of measured signal spectra.

We determined the differential signal noise for a low-noise version of our data
acquisition system (PDA10CS detectors, Thorlabs, and NI PCO-6052E data acquisition board,
National Instruments) in which 6P; and 6P, are measured to be 0.12 nW and 0.14 nW,
respectively, for a bandwidth of 250 Hz. The measured P; and P, from Figure 3-21 are 6 uW and
0.58 pW. These measurements give a on calculated by Equation 3.4 of 0.023x10. Using
Equation 3.3 and a differential signal slope of 0.11 um™ from Figure 3-27 gives an MDD of 0.35
nm, which is limited by broadband noise on each output signal. This broadband noise does not

appear to be shot-noise dominated as has previously been assumed [39], but is instead a power
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independent background noise from the detectors and preamplifiers, indicating that it is either
thermal or dark current shot-noise. Improving the detectors and electronics to reach the shot
noise limit would improve the MDD by nearly an order of magnitude to 0.054 nm, which is

comparable to the best performance offered by laser reflection transduction.

3.6 Conclusion

We have designed and demonstrated an in-plane photonic transduction method for
microcantilevers that maintains signal sensitivity over the full measurable microcantilever
deflection range. The microcantilever is etched to create a single mode rib waveguide and light
from the end of the microcantilever is captured by an asymmetric multimode waveguide with a
Y-branch splitter. The differential signal formed with the two Y-branch outputs is monotonically
dependent on microcantilever deflection. The analysis shows good agreement between
simulation and measurement when microcantilever rotation and P;/P, ratio are taken into
account, thereby validating the in-plane photonic transduction method. The measured differential

signal sensitivity is 1.4x10* nm™ and the minimum detectable deflection is 0.35 nm.
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4 DIFFERENTIAL SPLITTER USING DOUBLE-STEP RIB WAVEGUIDE

Further analysis of our differential splitter shows that the sensitivity is dependent on the
refractive index of the strip on the multimode rib waveguide, and that the amorphous silicon strip
that we previously used introduced fabrication difficulties such as delamination and deformation
of the strip due to adhesion issues and intrinsic film stress. | have therefore developed a new
asymmetric double-step multimode rib waveguide that replaces amorphous with crystalline
silicon having a higher refractive index, which improves sensitivity while maintaining the
asymmetric structure of the differential splitter and eliminating fabrication issues. In this chapter
we examine the design, fabrication, and experimental demonstration of the new differential

splitter.

4.1 Design of Differential Splitter with Double-Step Rib Waveguide

Figure 4-1 and Figure 4-2 illustrate asymmetric double-step multimode rib waveguide
and a Y-branch splitter for a photonic microcantilever. As before, the two outputs of the
differential splitter are designated P; and P,. The silicon photonic microcantilever has a width of
45 um, a length of 110 um, and a thickness of 0.65 um and forms a single mode rib waveguide
which has a rib width and height of 1.6 um and 0.1 um, respectively, and supports only a
fundamental transverse electric (TE) mode at a wavelength of 1550 nm. Initially, the capture
waveguide is a multimode rib waveguide etched 0.1 um deep in a 0.75 um thick silicon layer
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(i.e., same etch depth as the single mode waveguide) and has a rib width of 3.0 um. As shown in
Figure 4-2, the entire top surface of the multimode rib waveguide, except for a 1.5 um wide
section on the right half of the rib, is etched down an additional 0.1 um to form a double-step rib
waveguide. The other waveguide structures for the optical waveguide network are the same as

the single mode rib waveguide in the photonic microcantilever.

Figure 4-1: Schematic illustration of in-plane all-photonic microcantilever transduction structure based on a
differential splitter composed of an asymmetric double-step multimode rib waveguide and Y-branch splitter.



Figure 4-2: Cross section of the double-step rib waveguide. Dashed regions indicate the etched area from the
initial multimode rib waveguide. Buried oxide layer thickness is 3 um and the remaining silicon layer
thickness is 0.55 um.

We performed photonic simulations to optimize the length of the double-step rib
waveguide in a differential splitter with results shown in Figure 4-3. The optical output powers
of the differential splitter, P, and P, vary as a function of the length of the asymmetric double-
step rib waveguide. For several arbitrarily selected lengths of the waveguide, we also calculated
the contrast of the differential signal. The differential signal, n, is defined in Equation 3.1. The
contrast, k, of the differential signal is the difference between the maximum and minimum values
of the differential signal over the deflection measurement range (+0.5 pm). The following

Equation 4.1 defines the contrast of the differential signal,

K #N vo5im “um-05 - (4.1)

The important factors for choosing the length of the double-step rib waveguide are
contrast, which sets the signal range, and the ratio of the peak P; and P, output powers. The latter
should be close to unity such that each output signal has a similar dynamic range. Figure 4-3
suggests that the contrast variation with respect to the length of the waveguide is not large.

Therefore, we choose the shortest length (17 um) of the waveguide at which the peak output
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powers of P; and P, are equal. P; and P, as a function of deflection are plotted for this case in
Figure 4-4. Both P; and P, have similar Gaussian-like profiles over the deflection range of £0.5
um, but have a small peak offset, A, between the two profiles. As discussed in Ref. [21], the peak
offset (in this case A=0.029 um) results in a differential signal with monotonic response to
deflection as shown in Figure 4-5. The contrast of the differential signal is -0.37 which is 1.6
times greater than our previously reported design while the asymmetric rib waveguide length is 6

times shorter.
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Figure 4-3: Normalized P; and P, output powers (left axis) and contrast of the differential signal (right axis)
for selected lengths as a function of the length of the double-step rib waveguide.
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Figure 4-4: Output powers as a function of deflection for a 17 pm long double-step rib waveguide.

| | | |
—&— Differential signal

o
o

Q
-

o
o

v vt b b b b b g i

Differential signal

o

S
¥}

I I I I I I I I I
04 0.3 0.2 0.1 0.0 0.1 02 0.3 04 05

o
n

Deflection [um]

Figure 4-5: Differential signal calculated from outputs, P, and P,, as a function of deflection
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4.2 Fabrication of Photonic Microcantilever and Differential Splitter Array System

To experimentally confirm the performance of the new differential splitter, test samples
were fabricated, each with two 8-microcantilever array sets. A schematic illustration of a
photonic microcantilever array with a Y-branch splitter network is shown in Figure 4-6. The
layout of one array set in the photonic circuit is shown in Figure 4-7. An input waveguide (I) into
which light from an optical fiber is butt-coupled is located in the lower left corner as shown in
Figure 4-7. The input waveguide is displaced from the center of the array by a large S-bend to
avoid introducing uncoupled light from the fiber into the detector array used to measure light
from the differential splitter output waveguides. Light coupled into the input waveguide is split
by a three stage Y branch splitter network to 8 photonic microcantilevers. Another input
waveguide (Il) directs light into two groups of waveguides straddling the array to facilitate

alignment of detector optics prior to measuring microcantilever array photonic properties.

Figure 4-6: Schematic of photonic microcantilever array sensor with Y-branch splitter network
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Figure 4-7: Layout of an 8-microcantilever array with associated Y-branch input splitter network. Each
fabricated die includes two such structures.

Fabrication of test samples is similar to what we have previously reported [21], with the
exception that the asymmetric double-step rib is patterned with electron beam lithography (EBL)
followed by a 100 nm etch in an inductively coupled plasma reactive ion etcher (ICP-RIE). We
use EBL in a scanning electron microscope only because positioning accuracy is much better

(<0.1 um) than for our contact mask aligner (~1 um).

65



Figure 4-8: SEM images of (a) and (b) an 8-microcantilever array with SU8 bending patches on the top half
of the array, (c) a photonic microcantilever that is 110 um long and 45 pm wide, and (d) a double-step rib
waveguide differential splitter.

Figure 4-8 shows scanning electron microscope (SEM) images of an 8-microcantilever
array that has undergone the full fabrication process. Four microcantilevers (#1 through #4) are
intentionally bent up with thermally stressed SU8 patches after releasing the microcantilevers
with a hydrofluoric acid etch as shown in Figure 4-8(a) and Figure 4-8(b). A single
microcantilever without the SU8 bending patch in an array is shown in Figure 4-8(c) and a close-

up of a double-step rib waveguide in Figure 4-8(d).
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4.3 Experimental Measurement

After fabrication, the samples are tested to examine the sensitivity and uniformity of the
photonic microcantilever array responses as a function of deflection. The deflection state of all 8
microcantilevers in an array is simultaneously set by pushing down on them with the edge of a
thin glass piece attached to a linear piezo-translator as shown in Figure 4-9. The 500 um thick
glass piece is cut in the shape of an isosceles trapezoid, with a base width of 1.5 mm on the edge
that makes physical contact with the 8 microcantilevers. This edge is polished to remove major
defects and increase the uniformity of deflection across the array. A rotation stage and
goniometer ensure that the edge of the glass piece is perpendicular to the array of
microcantilevers so that all are pushed down in unison. During actuation the piezo-translator
moves through a 3 um range in 50 nm steps.

An InGaAs digital line scan camera (SU512LDV-1.7RT-0500/LSE, Goodrich)
simultaneously captures light from the 16 output waveguides in an array. The output face of the
sample is imaged onto the camera’s linear array of pixels such that each output waveguide
illuminates a single pixel. Measurements are performed for both of the 8-microcantilever arrays
on a die. The Set 1 array measurement uses a camera exposure time of 0.12 ms with a
corresponding line sampling rate of 3,026 Hz. Measurement for the Set 2 array uses an exposure
time of 0.08 ms and a line sampling rate of 3,443 Hz. For both measurements 400 line scans

were averaged to obtain the mean output powers of P; and P, at each piezo-translator position.
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Figure 4-9: Sketch of measurement setup for an 8-microcantilever array

The measured P; and P, output powers from both microcantilever arrays on a single die
are shown in Figure 4-10(a) and Figure 4-10(b) as a function of microcantilever deflection.
Microcantilevers #4 and #5 of Set 1 are not included in the figures since breaks in the input
waveguides prevented light from being guided to these microcantilevers (see Figure 4-11).
Additionally, although only four microcantilevers in each set were covered with SU8 patches, we
note that most of the microcantilevers without patches were initially bent up by approximately
0.6 um or more. The exceptions are Set 1 #8 and Set 2 #6 and #8 which have essentially no
deflection after being released. This accounts for the flat P; and P, responses at positive
deflection for these microcantilevers (i.e., the glass piece only contacts them near zero deflection

and below).
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Figure 4-10: Measured individual (a) P; and (b) P, output powers as a function of deflection for 14 out of 16
microcantilevers from two array sets. (c) Both outputs, for example, from microcantilever #4 of Set 2 are
plotted in the same graph. There is a lateral shift, A, as expected.
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Figure 4-11: SEM image shows clearly a defect which breaks waveguides of microcantilever #4 and #5 in the
array set 1
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The other P, and P, profiles are Gaussian-like as expected. However, the measured profiles are
wider than the predicted profiles from simulation as shown in Figure 4-3. The difference in
widths is due to the divergence of light across the gap between the free end of the
microcantilever and the capture waveguide, which is not included in the simulation. The peak
power variation from waveguide to waveguide in the measured data is likely due to different
losses in individual waveguides caused by factors such as dissimilar waveguide top surface
conditions, coupling efficiencies at interfaces, and output waveguide facet roughness.
Additionally, the peak positions of the profiles in Figure 4-10(a) and Figure 4-10(b) are not
perfectly aligned because of small defects in the glass piece. Therefore, before calculating the
differential signals, we redefine zero deflection for each microcantilever to be at the P; peak
position which simulation indicates coincides with zero deflection.

Figure 4-12 shows the differential signals calculated from the measured P; and P, output
powers. Subsequent SEM and atomic force microscope (AFM) inspections revealed fabrication
imperfections for the gaps of microcantilever #8 of Set 1 and #8 of Set 2, and a particle stuck on
the tip of microcantilever #1 of Set 2 as shown in Figure 4-13. Therefore, the differential signals
from these microcantilevers are not included in Figure 4-12. Note that the differential signal
curves have a wide vertical spread although their slopes are somewhat similar, making it difficult
to compare differential signals for different microcantilevers in the arrays. As discussed in
Chapter 3 [21], the vertical spread of the differential signals is due to different ratios of the peak
values of P; and P,. To compensate for the different ratios, we have introduced a scaled

differential signal [74] defined as:

P.—a-P:

— (42)
P+a-P,

77scaled =
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The scaling factor, «, is given by a = P19/ P2y Where P19 and Py are the output powers at an
arbitrary reference deflection. We choose the P; peak position to be the reference deflection for
P1o and P. As shown in Figure 4-14, the scaled differential signals from 11 microcantilevers
from both sets overlap well with each other for deflections of zero and below where the glass
piece contacts all of the microcantilevers. As we have shown previously for differential splitters
based on amorphous silicon strip loading, variation in the slopes of the scaled differential signals

correlates with differences in peak offset (A) values. [74]
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Figure 4-12: Differential signals as a function of deflection
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Scaled Differential Signal

Figure 4-13: SEM images of microcantilever (a) #8 of Set 1, (b) #1 of Set 2, and (c) #8 of Set 2
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Figure 4-14: Scaled differential signals as a function of deflection.
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4.4  Analysis and Discussion

After SEM and AFM measurement of the as-fabricated dimensions of the asymmetric
double-step rib waveguides, we re-ran the simulation of its photonic response as a function of
deflection. The updated simulation results are compared with the average measured scaled
differential signal in Figure 4-15. Over the deflection range where the averaged scaled
differential signal exhibits roughly linear behavior (-0.5 um to 0.3 um) the average slope is
0.32 um™. The difference between measurement and simulation in this deflection range is from
the broader widths and a slightly larger peak offset of the measured P; and P, profiles. While the
averaged scaled differential signal agrees reasonably well with the simulation in that range, the

two curves diverge noticeably for deflections greater than 0.3 pm.
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Figure 4-15: Comparison of measured data with simulation results
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Note that microcantilever #6 from Set 2 is not included in the average for deflections greater than
zero and hence does not bias the average in this region.

Analysis of measurement data indicates that this is mainly due to a background DC offset
in the measurements. Although an aperture mask is used to block the majority of stray light not
associated with the P, and P, outputs, some amount of scattered and stray light is still incident on
the InGaAs camera’s pixel array. Because of the scattered and stray light, the camera measures a
DC offset in addition to the deflection-dependent output powers. In the region where P; and P,
have large values, such as around zero deflection, the effect of the background DC offset on the
scaled differential signal is negligible. However, when the DC offset is comparable to the values
of P; and P, the scaled differential signal will differ markedly from the expected behavior. The
effect is more pronounced for positive deflections because the P, peak is shifted toward the
negative deflection region. Since the effect is noticeable only for deflections greater than 0.3 pum,
the practical implication of the DC offset is a limitation of the dynamic range of the
microcantilevers. As the intended future use of the photonic microcantilevers is for biological
and chemical sensing scenarios where the expected static deflection is on the order of 100 nm,
[49] we do not expect the DC offset to cause a significant limitation to sensing. Nonetheless, we
are presently investigating techniques to dramatically reduce stray light in the silicon slab to
largely eliminate the DC offset issue.

Two important parameters for characterizing the capability of a microcantilever sensor to
detect small changes in static deflection are the sensitivity and the minimum detectable
deflection (MDD). The sensitivity of a microcantilever sensor is the change in output signal per
unit deflection of the microcantilever. As noted above, the average sensitivity is 0.32x10™ nm™,

which is orders of magnitude better than piezoresistive readout methods [72, 73, 75] (with
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sensitivities typically on the order of 10°® nm™), and comparable to optical lever readout methods
[38, 39] whose best reported sensitivities are on the order of 10° nm™ [38]. The MDD gives the
limit of detection of microcantilever deflection and is calculated by dividing the noise of the
transduction signal by the sensitivity of the readout method [39]. For our photonic
microcantilevers, the noise of the scaled differential signal (dx) can be determined from the
measured power, noise, and correlation of the P, and P, outputs for each microcantilever. The

first-order approximation of the noise of the scaled differential signal is given by:

Sn=—"2% _ [P5R2+ PSP PPoPOP, «3)
(P,+PR)

where J6P; and 6P, are the measured noise of the two outputs and ry, is the correlation coefficient
for P, and P,. Based on the measured values of P; and P, and the slope of the scaled differential
signal, we obtain an average MDD of 141 pm for a 3.5 Hz bandwidth, which corresponds to a
minimum detectable surface stress of 0.3 mN/m. This MDD is comparable to or better than other
common readout methods [72, 73, 75, 76] for static deflection. Analysis of the total noise shows
that the signal shot noise is roughly equal in magnitude to that of the combined power-
independent noises - thermal noise, dark current shot noise, flicker noise, etc. The MDD can be

improved by increasing the output powers, which will reduce J7, and by decreasing the exposure

time, which will reduce the dark current shot noise.

45 Conclusion

In conclusion, we have implemented a new differential splitter using an asymmetric
double-step multimode rib waveguide for in-plane all-photonic transduction of a photonic

microcantilever. Simultaneous measurement of an array of microcantilevers using this
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transduction method has been demonstrated with mechanical actuation of the microcantilevers.
From the measured outputs, the scaled differential signals are calculated and 11 of the 16
microcantilevers from two independent arrays show acceptable uniformity and repeatability. The
averaged scaled differential signal from the measurements is well matched with simulation in the
deflection range of -0.5 um to 0.3 um with noticeable disagreement for deflections greater than
0.3 um due to a DC offset in the measurements. The sensitivity and MDD of the photonic
microcantilever system are 0.32x10™ nm™ and 141 pm, respectively, which are comparable to or
better than other common readout methods for nanomechanical static-deflection sensors.
Currently we are investigating further structure optimization to enhance system performance and
practical methods to eliminate the measured DC offset. We are also pursuing application of the

transduction method reported here to much larger arrays of photonic microcantilevers.
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5 SENSITIVITY ENHANCEMENT OF DIFFERENTIAL SIGNALS

Through analytical examination of the relationship between differential signal and the
asymmetric double-step multimode rib waveguide, we have found a way to improve
performance of the photonic microcantilever sensor. In this chapter, the relationship between
sensitivity and double-step rib waveguide structure is investigated analytically and

experimentally.

5.1 Sensitivity of Photonic Microcantilever Sensor

When evaluating the effectiveness of a transduction method for microcantilever systems,
one of the important metrics is the sensitivity. For a microcantilever system designed to measure
static deflection, the sensitivity is defined as the change in the transduction signal per unit
deflection of the microcantilever. The sensitivity of the photonic microcantilever system is the
slope of the differential signal which is calculated by fitting a straight line to the differential
signal.

From the previous experiments as discussed in Chapter 4, the sensitivity of the double-
step waveguide-based differential splitter has been experimentally demonstrated as comparable
to other transduction methods which are currently employed for static deflection sensors. The
following Table 5-1 shows the sensitivity and MDD comparison with the other reported

transduction methods.

7



Table 5-1: Sensitivity and MDD comparison with other transduction methods reported

Transduction Type [Sjr?lst':/'x:;?]/ MDD [nm] Reference [#]
Piezoresistive 3.00x10”’ 0.4 Thaysen et al. [72]
Piezoresistive 4.00x10°® 0.4 Gunter et al. [75]
Optical waveguide 1.50x107 3.33 Zinoviev et al. [39]
MOSFET 0.2 [mA/nm] 2.5x10™ Shekhawat et al. [56]
Piezoresistive 3.40x10°® 0.1 Yuetal. [73]
Optical beam reflection 49 [nm/pH] - Jietal. [77]
Optical beam reflection 10 - Kocabas et al. [38]
Optical interferometer - 0.001 Manalis et al. [78]
Optical interferometer - 0.001 Schdnenberger et al. [79]
Photonic (a-Si strip-loaded) 0.14x10° 0.21 Noh et al. [21]
Photonic (double-step) 0.32x10° 0.14 Noh et al. [22]

The best reported sensitivities are 10 nm™and 4x10° nm™ for optical readout and piezoresistive

methods, respectively as shown in Table 5-1.
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5.2 Analysis

Figure 5-1 shows a schematic diagram of the geometry of a photonic microcantilever and
differential splitter. The silicon microcantilever is 45 um wide, 0.65 pum thick, and 110 um long.
The rib down the middle of the microcantilever is 0.1 pum tall and 1.6 um wide, and forms a rib
waveguide that supports only a fundamental transverse electric (TE) mode at a wavelength of

1550 nm.

Figure 5-1: Schematic of photonic microcantilever and asymmetric differential splitter

r Step height

Rib height
Slab height

Figure 5-2: Cross-section of the asymmetric double-step multimode rib waveguide
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Figure 5-2 shows a cross section of the asymmetric double-step multimode rib
waveguide that captures light from the free end of the microcantilever. The double-step rib
waveguide is fabricated by etching half the width of a 3 pm wide multimode waveguide and the
neighboring slab. The etch depth determines the step height h and causes the slab height to be
0.65 um — h. The rib height of the double-step rib waveguide is the same as that of the other
waveguides on the chip (0.1 um).

We have modified the differential signal formula to compensate waveguide variation in
the array system, a scaled differential signal (Equation 4.2), as discussed in Section 4.3. In the
case of a step height of 50 nm and length of 17 pm of the double-step multimode rib waveguide,
Figure 5-3shows simulation results of output powers and the scaled differential signal as a
function of microcantilever deflection. The scaled differential signal exhibits monotonic and near
linear response over the deflection range due to a peak difference, A, between the Gaussian-like
output power profiles. The sensitivity of the photonic microcantilever system is the slope, or/od
(where d is deflection), of the scaled differential signal. The slope is calculated by fitting a

straight line to a differential signal.

0.6 ' L - ' ' 0.2
—— Scaled differential signal

Normalized power
o o

|eubis jenuatoyip pajess

0.0 T I = T T -0.2
-0.4 -0.2 0.0 0.2 0.4
Deflection [um]

Figure 5-3: Output power profiles and the scaled differential signal as a function of deflection.
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We perform photonic simulations for four different step heights to examine the effect on
the slope of the scaled differential signal. Simulation results are shown in Figure 5-4 for
deflections less than zero (the deflection range is chosen to be commensurate with experimental

measurements shown below). Note that larger step heights (deeper etch) cause steeper slopes.

Scaled differentai signal
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Deflection [um]

Figure 5-4: Simulation results for four different step-height cases.

To understand why, first consider the fundamental and first order mode profiles, (i) and
(if), in Figure 5-5 for step heights of 50 and 200 nm. While larger step height results in lateral
squeezing of the fundamental mode, the vertical position of its centroid is relatively unchanged.
However, the vertical position of the main (left) lobe of the first order mode shifts noticeably
downward with increasing step height. Also note that for both step heights the fundamental mode
is predominantly directed into the upper (P1) output and vice versa for the first order mode as

shown in top views, (iii) and (iv), of mode propagation profiles in the differential splitter.
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(a) Step height = 50 nm - .

(i) (iii)
(ii) (iv)

=/

(b) Step height =200 nm
(i) (ii)

(i) (iv)

Figure 5-5: (i) Fundamental and (ii) first order mode profiles, and top view of mode propagation in
differential splitter for the (iii) fundamental and (iv) first order modes for 50 nm and 200 nm step heights.

Now consider coupling from the microcantilever waveguide mode into the fundamental
and first order modes as a function of deflection. Simulation results based on mode overlap
integrals are shown in Figure 5-6 for all 4 step heights. Note that maximum mode coupling into
the fundamental mode for etch step height is at zero deflection, corresponding to the fundamental

mode showing no significant change in its vertical position (however, narrowing of the mode
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does result in less coupled light for larger step heights). Also note that the maximum mode
coupling for the first order mode is more shifted toward negative deflection with larger step
height, reflecting the fact that the mode becomes more shifted toward the bottom of the

waveguide (vertical lines indicate deflection at which maximum mode coupling occurs).

0.7 ] ] e | ] ]
- [nm]: fundamental, 1st order
0.6 Q. 200: v v
) 150: A A
Q |0 o, m
5 0.5 | 50: o , e
3
g O
= 0.4 .
()
N
® 0.3
£
Q
< 0.2
0.1
0.0 = T T = T T

-0.4 -0.2 0.0 0.2 0.4
Deflection [um]

Figure 5-6: Mode coupling as a function of microcantilever deflection.

Hence the separation between maximum coupling into the fundamental and first order
modes is larger for greater step heights, which is shown in Figure 5-7. Also plotted is the
corresponding lateral shift, A, for P1 and P2, which is clearly affected by the separation of the

mode coupling maxima because, as seen in Figure 5-3, each mode is predominantly directed into
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either the P1 or P2 output path. As demonstrated in Fig. 5(f) of Ref. [74], larger A corresponds to

larger slope of the scaled differential signal.
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Figure 5-7: Peak Maxima separation for mode coupling and lateral shift of P; and P, as a function of step
height.

5.3 Fabrication

To experimentally investigate the effect of step height, we fabricated two samples, each
with two arrays of 8 microcantilevers. The fabrication process is as described in Section 4.2,
except four different step heights were used. We chose four different etch times to make four
different etch depth for the experiment and put two different heights on each sample. After
finishing fabrication processes, the feature dimensions of the double-step rib waveguide were
measured by SEM and AFM inspections. We simultaneously measured the outputs from an 8-

microcantilever array with an InGaAs line scan camera while pushing down on the whole array
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with the polished edge of a glass piece attached to a piezo-translator. Since the microcantilevers
are nominally at zero-deflection after release, the measurement range is limited to deflections
downward from zero-deflection (i.e., negative deflections). Figure 5-8 shows scanning electron

microscope (SEM) images of photonic microcantilever array and differential splitter.
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Figure 5-8: SEM images of photonic microcantilever array system
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5.4 Measurement and Discussion

Scaled differential signals for multiple microcantilevers with the same step height are
measured. Average measured scaled differential signals as a function of microcantilever
deflection are shown in Figure 5-9, together with actual fabricated step heights. The slopes from
the measurement data were averaged for each step height of the double-step rib waveguide. We
also calculated the average peak difference of output powers as a function of the step height and
combined with simulation results as shown in Figure 5-10 and Figure 5-11. Note that the

measured signals are similar to simulation results in Figure 5-4.

Scaled differential signal

-0.5 -0.4 -0.3 -0.2 -0
Deflection [um]

Figure 5-9: Average scaled differential signal as a function of deflection from measurement data of four
photonic microcantilever arrays.
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Figure 5-10: Average slope as a function of step height for measurement and simulation.
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Figure 5-11: Average maxima separation of output powers as a function of step height for measurement and
simulation.

The 210 nm step-height case has the largest slope among the measured scaled differential signals
while the slope of the 80 nm case is the smallest. The smaller step heights (120 nm and 80 nm)
result in less than predicted slope and lateral shift, A, while the opposite is true for larger step

heights. The cause of this discrepancy is still under investigation. Nonetheless, the 210 nm step
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height case results in a sensitivity of 0.77x10™ nm™, which is 2.4 times greater than our previous
result [22]. The sensitivity also determines the minimum detectable deflection (MDD), which
corresponds to a signal-to-noise ratio of unity. Hence the MDD is the noise of the sensor
response signal divided by the sensitivity.[80] The corresponding MDD is 59 pm for a 3.5 Hz

measurement bandwidth.

5.5 Conclusion

We have explored the effect of double step rib waveguide structure on deflection
measurement sensitivity. By increasing the step height of the double-step rib waveguide, the
difference in mode coupling to the two lowest order modes is increased. Since each mode is
preferentially directed into one of the two differential splitter outputs, the result is a larger shift
between the outputs as a function of deflection, which increases the slope of the scaled
differential signal. Simulation results are shown to be confirmed by experiment. The largest
measured sensitivity obtained in this study is 0.77x10™ nm™, which is comparable to the best
reported for the optical lever method (10 nm™). The corresponding MDD is 59 pm for a 3.5 Hz

measurement bandwidth.
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6 SUMMARY AND FUTURE WORK

6.1 Summary

Microcantilever-based devices have been used in a variety of science and engineering
fields since microcantilever probes were first used for atomic force microscopy. Microcantilever-
based sensors have been investigated for a wide variety of applications and have been found to
exhibit high sensitivity. To understand basic fundamentals of microcantilever-based sensors, the
mechanical behavior of a simple cantilever beam, and its operation modes and readout methods,
functionalization, and applications were briefly reviewed in Chapter 2.

The optical readout method using the laser beam reflection technique is the most
sensitive in the conventional readout methods, but its application is limited by the number of
microcantilevers that can be measured simultaneously. On the other hand, the piezoresistive and
capacitive readout methods do lend themselves microcantilever arrays, but their sensitivity are
significantly less than that of the optical method.

The in-plane photonic transduction method proposed by us is an alternative readout
method that is scalable to large arrays. As shown in this dissertation, it can also achieve high
sensitivity comparable to the optical lever method. A differential splitter with amorphous silicon
strip-loaded multimode rib waveguide was used for the initial demonstration of the in-plane
photonic transduction mechanism for silicon photonic microcantilevers. With the outputs of an

asymmetrical multimode waveguide structure that terminates in a Y-branch splitter, a differential
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signal can be formed, which has a monotonic response as a function of microcantilever
deflection. Our design for the photonic microcantilever system was based on the photonic
simulations to maximize the contrast of the differential signal. Fabrication and measurement of
the photonic microcantilevers were described in Sections 3.2 and 3.3. A thermally stressed SU8
polymer patch was used to intentionally bend up the microcantilever in order to mechanically
actuate the cantilever’s deflection with a piezo-translator-mounted probe tip. The experimental
results do not match with simulation due to microcantilever rotation and the power ratio of P1/P-.
After accounting for rotation and power ratio, we find good agreement between simulation and
measurement. The measured sensitivity is 0.135x10° nm™ and the minimum detectable
deflection is 0.35 nm for a 250Hz measurement bandwidth.

Further analysis of the differential splitter shows that the sensitivity is dependent on the
refractive index of the strip on the multimode capture waveguide and on the waveguide structure.
Moreover, we have encountered fabrication difficulties such as delamination and deformation of
the amorphous silicon strip in the previous experiments. In order to improve sensitivity while
maintaining the asymmetric structure of the differential splitter and eliminating fabrication
issues, a new asymmetric double-step multimode rib waveguide was developed. Test samples
were fabricated with two 8-microcantilever array sets with a three stage Y-branch splitter
network that splits and delivers the input light to 8 photonic microcantilevers. The fabrication
processes for the test samples were similar to what we have done for the previous samples with
the exception that the asymmetric double-step rib is patterned with electron beam lithography for
positioning accuracy followed by a 100 nm etch in an inductively coupled plasma reactive ion
etcher (ICP-RIE). After inspecting the fully processed sample, we found 5 microcantilevers

which were not usable due to fabrication imperfections. As a result, measurements focused on 11
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of the 16 microcantilevers measured from two independent arrays. The measurement results
showed reasonable uniformity and repeatability. The averaged scaled differential signal from the
measurements was reasonably matched with simulation in the deflection range of -0.5 pm to 0.3
um with noticeable disagreement for deflections greater than 0.3 um due to a DC offset in the
measurements. The sensitivity and MDD of the photonic microcantilever system are 0.32x107
nm™ and 141 pm, respectively, which are comparable to or better than other common readout
methods for nanomechanical static-deflection sensors.

We also investigated the effects on the sensitivity of the in-plane photonic transduction
method when modifying the asymmetric structure of the double-step multimode rib waveguide.
We explained analytically the relationship between the differential signal and the step height of
the double-step rib waveguide and also the reason for the maxima separation between output
power profiles, P; and P,, which causes a monotonic signal response over the microcantilever
deflection range. Four different step height cases were fabricated on two test samples, and then
inspected by AFM and SEM to accurately measure the step-height. From the experimental
results, a sensitivity of 0.77x10° nm™ is achieved, which is 2.4 times greater than the previous
result. Through these experiments, we confirmed that the output power peak difference shifts
when the step height changes and that the performance of the in-plane all-photonic transduction
method for the photonic microcantilever sensor is enhanced by modifying the structure of the
double-step rib waveguide in the differential splitter. By increasing the step height of the double-
step multimode rib waveguide in the differential splitter, we have significantly improved the
sensitivity of the photonic microcantilever system and found a pathway for optimizing the in-

plane photonic transduction method.
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6.2 Future Work

The in-plane photonic transduction method using the differential splitter for photonic
microcantilever is targeted at improving sensitivity and scalability. The demonstration of the
photonic microcantilever system employing the transduction thus far shows a promising result to
be able to use it for sensing applications in the real world. Currently, we are working on the
practical demonstration with some sensing scenarios.

As discussed in Chapter 5, the performance of the photonic microcantilever system is
affected by changes in the structure of the double-step rib waveguide. Through the former
experiments to optimize the differential splitter structure for greater sensitivity, we have found
that a real device does not exactly match with a simulation model. Simulations results are
generally restricted to ideal situations, and so experimental approaches are required to apply for
practical conditions. To conduct experiments relying on trial-and-error methodology is one way
to maximize the performance of the photonic microcantilever sensor. Characterization and
refinement of the differential splitter structure and the photonic microcantilever for optimal
performance need to be implemented by the statistical approach of design of experiments.
Because microcantilever based biosensors need to respond reliably to biomolecular interaction
on the functionalized surface of the microcantilever, the spring constant (force constant) of the
microcantilever beam has to be adjusted to the desired surface stress induced by the specific
interaction that we are interested in. As discussed in Section 2.2.2, the spring constant is
determined by dimensions and material properties. Hence, we change the length of the
microcantilever to optimize its spring constant since it is the simplest way to reduce the
cantilever beam’s spring constant. To experimentally find the right length for our application,

samples are fabricated with several different lengths. The structure of the double-step waveguide
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is also modified to maximize its performance. Currently, these designs are in the experimental
phase.

Our ultimate objective is to build lab-on-a-chip devices (LOC) or micro total analysis
systems (UTAS) by integrating photonic microcantilever system with microfluidic devices for
bio/chemical sensing applications. A microfluidic device is composed of one or more channels
whose dimensions are usually hundreds of microns. Common aqueous solutions used in
microfluidic devices contain proteins or antibodys, metal or ceramic particles, blood cells, tumor
markers, and bacteria. Microfluidic devices have been used for a variety of sensing applications
such as flow rate [81-83], viscosity [84-86], pH [87, 88], and chemical binding coefficients [89].
There are many other applications which are currently conducting in diverse research fields [90,
91]. Polydimethylsiloxane (PDMS) microfluidic device and sensing functionalization for the

photonic microcantilever sensor are currently being pursued by other graduate students in our

group.
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