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Abstract

The advancement of micro- and nano-scale optical devices has heralded micromirrors, semi-
conductor micro- and nano-lasers, and photonic crystals, among many. Broadly defined
with the field of microphotonics and microelectromechanical systems, these innovations have
targeted applications in integrated photonic chips and optical telecommunications. To fur-
ther advance the state-of-the-art, dynamically tunable devices are required not only for
demand-based reconfiguration of the optical response, but also for compensation to external
disturbances and tight device fabrication tolerances.

In this thesis, specific implementations of strain-tunability in two photonic devices will
be discussed: the fundamental diffractive grating element, and a photonic band gap mi-
crocavity waveguide. For the first part, we demonstrate high-resolution analog tunability in
microscale diffractive optics. The design concept consists of a diffractive grating defined onto
a piezoelectric-driven deformable membrane, microfabricated through a combination of sur-
face and bulk micromachining. The grating is strain-tuned through actuation of high-quality
thin-film piezoelectric actuators. Device characterization shows grating period tunability on
the order of a nanometer, limited by measurement uncertainty and noise. The results are
in good agreement with analytical theory and numerical models, and present immediate
implications in research and industry.

For the second part, we generalize the piezoelectric strain-tunable membrane platform for
strain-tuning of a silicon photonic band gap microcavity waveguide. Additional motivation
for this strain-tuning approach in silicon photonic crystals lies in: (a) the virtual absence
of electro-optic effects in silicon, and (b) the ability to achieve tuning with low power re-
quirements through piezoelectric actuation. Compared to current thermo-optics methods,



piezoelectric actuation affords faster and more localized tuning in high-density integrated
optics. The small-strain perturbation on the optical resonance is analyzed through per-
turbation theory on unperturbed full 3D finite-difference time-domain numerical models.
Device fabrication involves X-ray nanolithography and multi-scale integration of micro- and
nano-fabrication methods. Experimental characterization achieved dynamically-tunable res-
onances with 1.54 nm tunable range (at 1.55 pum optical wavelengths), in good agreement
with theory. This is the first demonstration of strain tunability in photonic crystals and
contributes to the development of smart micro- and nano-scale photonics.
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Chapter 1

Introduction

Nothing tends so much to the advancement of knowledge as the application
of a new instrument. The native intellectual powers of men in different times
are not so much the causes of the different success of their labours, as the
peculiar nature of the means and artificial resources in their possession.
—Sir Humphrey Davy, 1778-1829.

This chapter summarizes the background and motivation for this thesis work. A brief
review of literature specific to the tunable gratings and photonic crystals of interest is pre-
sented.

1.1 Background And Motivation

The advent of microelectronics has permitted significant advances in microelectromechan-
ical systems (MEMS) and microphotonics. The ability to make devices at micrometer and
nanometer length-scales has opened up new application spaces and challenged our physical
understanding and intuition. In the field of micro- and nano-scale optics, there exist innova-
tions and discoveries in optical microelectromechanical systems and photonics crystals. We
pursue here these two major fields based on one generalized concept — that of strain-tuning
of periodic structures to achieve modulation of the optical responses.
In optical microelectromechanical systems (Optical MEMS), there is significant attention
on micromirror arrays, both as beam steering in optical telecommunication networks [6,
95, 108, 111] and compact, reliable projection display systems [75, 152, 52]. As optical
networks evolve, the need for active tuning of network components — such as laser sources
and wavelength add/drop filters — is emphasized, based on the following demands:
I. usage-based reconfiguration of network components for overall network adaptivity and
reliability,
I1. active compensation against external disturbances such as thermal and stress-induced
fluctuations, material dispersions and absorptions, and
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III. device trimming to achieve or relax tight production tolerances in high bandwidth
optical and optoelectronic devices.

An immediate example of dynamically tunable network components is the phalanx of MEMS-
based tunable vertical cavity surface emission lasers as reconfigurable laser sources [14, 151].

In the corresponding realm of micro- and nano-photonics, there exits a spectrum of
devices, ranging from Bragg grating waveguides, high Q microcavities [3], microring res-
onators [98] to nanolasers [26, 53] among the many. In particular, a new class of materials
has emerged that affords complete control on the flow of light [62, 161, 63]. Termed as pho-
tonic crystals, they are the optical analog of electronic semiconductor materials, possessing
photonic band gaps which prevent light from propagating in certain directions with specified
energies. This is achieved through designing the structure of these periodic crystals to affect
the properties of photons, in much the same way as semiconductor lattices affect the proper-
ties of electrons. The same demands of dynamic reconfiguration, active compensation, and
device trimming for practical implementations of photonic crystals bring about the necessity
of active tuning for photonic crystals.

Current methods for tuning Current methods for tuning include electro-optic and ther-
mal effects. While the electro-optic (Pockels and Kerr effects) method is commonly used and
has response times on order of GHz or more, it typically requires high voltages and is vir-
tually absent in silicon optical devices. With active III-V materials, the wavelength tuning
range A is typically on order of 0.05 nm [99] and reported up to 0.26 nm [83]. In polymeric
electro-optic materials, the tuning range is reported up to 6.6 pm/V [123].

Thermal actuation is also a commonly employed tuning method. However, thermal tun-
ing — either through direct thermal expansion or with charge carriers or with liquid crystals —
generally requires high power (mW per active device) and has response times on order of kHz.
Furthermore, with thermal tuning, it might be difficult to achieve localized tuning, within
the order of 10 um spatial dimension, for individual devices in high-density integrated optical
circuits. Following from these generalizations, we will elaborate, in Section 1.2 and 1.3, on
the current specific tuning methods for each of our two implementations.

The generalized case for piezoelectric strain-tuning We propose the generalized con-
cept of strain-tuning with integrated piezoelectric microactuators with the following benefits:
I. low power consumption (order of nW) and low voltages (order 5 volts),
II. ultra-fine control with MHz dynamic response,
IT1. localized tuning, with negligible cross-talk, for integrated optical circuits, and
IV. compact integration of microactuators.

The low power consumption and voltage requirements per active device is significantly
smaller than thermal actuators, due in part to the high energy density piezoelectric microac-
tuators [56]. Piezoelectric actuators are also commonly used for ultra-fine displacements,
such as in positioning atomic force microscope tips, through control of the input voltage.
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The response times can achieve MHz modulation, although this is significantly slower than
electro-optic methods. The tuning is also easily localized as individual devices can be de-
signed to be physically separate with its neighbouring devices. Compared to electrostatic
actuators, piezoelectric actuators permit compact integration possibilities.

The trade-off is the added complexity in device micro- and nano-fabrication to include
the integrated piezoelectric films. In addition, a moving part is often involved in order to
have active localized strain only at the individual devices, as opposed to the whole substrate.
A control loop may also be required to maintain the tuning; however, the power expended
is small compared to power dissipated for controlled-temperature environments in current
optical devices !.

In this thesis, thus, we present the generalized concept of strain-tuning to periodic optical
structures. In particular, we present two implementations: (I) a fundamental diffractive
grating element, and (II) a photonic band gap microcavity waveguide. We begin with a
literature review in each of the two implementations.

1.2 Brief Review Of Tunable Diffractive Gratings

Digital tunable gratings — with discrete reconfigurability — have successfully been advanced in
Optical MEMS. For example, the Grating Light Valve [1, 137] shown in Figure 1-1a switches
between a reflective micromirror and a diffractive grating through control of every alternate
grating beam, with primary targeted applications in high-end projection systems. In ad-
dition, the Polychromator [49, 135] illustrated in Figure 1-1b modulates the grating period
with individual control of the gratings beams for applications in high-resolution miniaturized
spectroscopy. Inter-digitated cantilevers for a deformable diffraction grating has also been
reported for scanning probe microscopy applications [104]. In all three devices, the grating
elements are deflected out of the grating plane to modulate the optical spectrum. The res-
olution is then defined by the width of a microfabricated grating beam, on the order of a
micrometer.
Analog tunability on gratings was reported via the following mechanisms:

Thermal actuation through thermal expansion of one or more derived grating structures,
such as shown in Figure 1-2a, with preferential expansion in the direction of the grating
period. Reported diffraction angle modulations ranges from 1 to 35 mrads [130, 167].

Bulk strain actuation through bulk piezoelectric material, magnetic actuators, and mo-
tion of a seismic mass on fiber Bragg gratings [92, 76, 122, 60, 140]. These gratings are
applied in an erbium-doped fiber amplifier module, or as a channel-switching add/drop
multiplexer for wavelength division multiplexing.

L A back-of-the-envelope calculation for power dissipation with natural convection gives an estimate of 0.3
W for a 5 °C differential temperature in a controlled environment.
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Figure 1-1: Digital tunable gratings: (a) Grating Light Valve schematic [1, 137], (b) Poly-

chromator schematic [49, 135].
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Figure 1-2: Current analog tunable gratings: (a) Rhomboidal heatuator schematic [167], (b)
Variable blazed gratings [10].

Vertical electrostatic actuation through capacitance plates that include grating struc-
tures [130, 156]. The phase relationship between the vertically-movable grating is
modulated with respect to a fixed grating on the substrate, resulting in control of the
diffracted order intensities.

Blazed electrostatic actuation through rotational motion of blazed gratings such as il-
lustrated in Figure 1-2b. The deflection of the diffracted orders are reported up to £
44 mrads [10].

Compared to the current implementations, we propose a method of strain-tuning to
achieve tunability with a resolution on the order of 1 urad and range up to several hun-
dred prads. Our device concept thus trades deflection range for angular resolution. The
theoretical design of this device is presented in Chapter 2, wherein the piezoelectric mechan-
ical design, optical design, and specific applications of the device are discussed. Chapter 3
presents the fabrication results and experimental analyses — electrical, mechanical and optical
— on the piezoelectric analog tunable grating.
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1.3 Brief Review Of Photonic Crystals And Tunable
Methodologies

The early 1990s saw an emergence of fascinating work on 1-dimensional, 2-dimensional and
3-dimensional photonic crystals, in both theoretical proposals and experimental demonstra-
tions [161, 63, 62, 116, 97, 154, 114]. A sampling is shown in Figure 1-3. These spatially
periodic structures typically consist of high dielectric contrast media, wherein absorption is
minimized and scattering designed at the interfaces, to produce many of the same phenomena
for photons as the atomic potential does for electrons. These characteristics are theoreti-
cally captured exactly through Maxwell’s equations. Applications, through the ability to
control the flow of light with photonic band gaps, range from low-threshold semiconduc-
tor lasers [116], high efficiency light-emitting diodes, novel optical fibers, high-Q optical
resonators and filters, negative refractive index material and superlens [102], theoretically
proposed all-optical transistors [138, 64], and many others.
(a) (b) Total internal reflection (TIR)

—— Distributed Bragg reflection (DBR)
-

M2 waveguide (n = 3.4)
Etched Air Holes (n = 1)
InP Substrate (n = 3.2) Undercut Reglon (n = 1)

Figure 1-3: Sampling of photonic crystals: (a) Radially symmetric one-dimensional photonic
structure serving as omnidirectional reflecting mirrors in an optical waveguide [58], (b) Two-
dimensional photonic band gap defect mode laser [116], (¢) Three-dimensionally periodic
dielectric layered structure with omnidirectional photonic band gap [67].

While most of the theoretical and experimentally demonstrated photonic crystals are not
tunable, several mechanisms for tunability have been proposed:

Electro-optic effect through the application of an electric field to change the refractive
index of a compound semiconductor material [28], with the typical range of modulation
of the refractive index less than 0.1%.

Charge-carrier effect through variations in concentraton of free carriers for photonic crys-
tals with semiconductor constituents. This is achieved through temperature or doping
modulation. For example, Halevi and Ramos-Mendieta suggest tuning of the band gap
with temperature variations more than order 20 °C [40], although absorption needs
to be considered for high levels of doping. The typical range of modulation of the
refractive index less than 0.1%.
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Liquid crystal tuning through infiltration of an optically birefringent nematic liquid crys-
tal into void regions of an inverse opal photonic band gap material. Specifically, Busch
and John [11] theoretically suggests the application of electric fields to reorientate
the axis of nematic liquid crystals relative to the photonic crystal backbone. Yoshino
et. al. reports thermal tuning with liquid crystals, with an order 13 nm red-shift
in wavelength for a 45 °C temperature difference [165] in an opal structure. These
developments suggest the possibility of tuning up to 2% by application of heat or an
external electric field.

We here propose strain tuning of photonic crystals as another mechanism to modulate the
optical response, for the generalized reasons brought up in Section 1.1. This is especially
relevant for silicon microphotonic integrated circuits where the electro-optic effects are van-
ishingly small. Strain tunability, in addition, has recently seen theoretical discussions in
modulating the photonic band gap such as reported by Kim et. al. [74], controlling the po-
larization from a photonic crystal laser [115], and tuning the quality factor @ of a nanocavity
defect laser [155].

Specifically, we focus on the implementation of a strain-tunable microcavity, a 1-dimensional
photonic crystal embedded in a silicon waveguide. This development is made possible based
on collaborative work first reported by Foresi, Fan and Lim [33, 27, 94]. Chapter 4 describes
the concept of the device, along with perturbation analysis on finite-difference time-domain
results and mechanical displacement computations. Other considerations, such as photoe-
lastic Pockels effect, are also described. Chapter 5 describes the micro- and nano-scale
integrated processing and presents experimental results of the strain-tunable microcavity
waveguide. Chapter 6 summarizes the results and conclusions of both the analog tunable
diffractive gratings and the strain-tunable microcavity waveguide, along with suggestions for
future explorations.



Chapter 2

Design Of Analog Tunable Diffractive
Gratings

But soft! What light through yonder window breaks?
It is the East, and Juliet is the sun!

Arise fair sun, [...] .

— W. Shakespeare (1565 - 1616).

We propose analog control over the diffraction angle of a tunable MEMS grating, with
resolution at 1 urad up to a range of 300 purads. Compared with other tunable grating
implementations such as the Grating Light Valve [1, 137], the Polychromator [49, 135] and
several others (Section 1.2), our device concept has ultra-fine angular resolution. Specific
high resolution applications include external cavity tunable lasers, thermal compensators
for wavelength multiplexers-demultiplexers, and miniaturized spectrometers. This chapter
discusses the piezoelectric, mechanical and optical designs on the analog tunable grating,
achieved with thin-film piezoelectric actuators for fine resolution.

2.1 Concept Of Device

Analog tunability of the diffractive grating is achieved by lateral actuation forces on the
grating structure. This is illustrated in Figure 2-1 wherein the grating period is progressively
increased, resulting in control over the diffracted angles. The binary phase grating, created
on a membrane, deforms along with the supporting membrane when mechanically strained
by thin-film piezoelectric actuators as shown in Figure 2-2. The piezoelectric actuators,
a lead zirconate titanate (PZT), is located at the ends of the membrane and are capable
of producing sufficient force to deform the membrane up to 0.3% strain, or equivalently, a
0.3% diffracted angle change. The analog tuning is a linear response to the applied voltage
due to the small strain range of less than 1%. The fine voltage control of the piezoelectric
actuators permit a theoretical resolution of 1 urad.
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Figure 2-1: Actuation concept of analog and digital tunable gratings. The analog design
permits analog control of diffraction angle.
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Figure 2-2: Design schematic of double-anchored deformable membrane, driven via thin-film
piezoelectric actuators. The gratings, defined on top of the membrane, are tuned progres-
sively along with the membrane.

A more compliant grating structure, such as a double-anchored perforated membrane
design, would allow a larger grating period displacement per unit actuation force. The design
is shown in Figure 2-3a. There is, however, increased difficulty in fabricating the beams with
bulk micromachining. Another possibility for increased grating period displacement is a
free cantilever design with a grating structure defined on top of the cantilever, as shown in
Figure 2-3b; however, out-of-plane bending due to unmatched residual stresses or actuation
of the cantilever bimorph will significantly affect the optical response. The designs are
discussed further in Section 2.2.2. An alternate method of lateral tuning of the grating
period involves using electrostatic comb-drives on an accordion-like grating structure [134,
159].
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Figure 2-3: Design schematic of (a) double-anchored perforated membrane, (b) free cantilever
with gratings.

(SiO or SiNy)

2.2 Micro-Electro-Mechanical Design

2.2.1 Piezoelectric theory

In 1880 Pierre and Jacques Currie [21] discovered surface electric charges on certain crystals
when subjected to mechanical stress. Rapidly, they proved experimentally the converse of
this effect, namely mechanical deformation under an applied electric field. This phenomenon
of electrical charge and mechanical deformation coupling was termed as piezoelectricity by
Hankel [41] and reviewed historically by Cady [12]. A brief review of early development of
PZT transducers can be found in Lee [87].

A motivation to employ thin-film piezoelectric actuators is the large power density achiev-
able in this class of contractile materials. Studies on piezoelectric ceramics report power den-
sities greater than 1000 W /kg [149], on the order of shape memory alloys, magnetostrictive
actuators and conducting polymers [56, 57, 5], while approximately an order of magnitude
large than muscles [56] and two orders of magnitude larger than electrostatic actuators [113].
A drawback is the small strain viable in piezoelectric materials (typically ranging up to 0.1%,
depending on the ceramic composition), though mechanical amplifiers have increased the ef-
fective strain 8 to 10 times [141]. The expected power consumption is also low (on the order
of 10 nW) due to the high resistivity and low voltage requirements of the piezoelectric film.

The piezoelectric coupling between electric field and stress can be expressed as [131]

€ = ZSIEJO'J—i-ZEjdj[ (21)
J J

Di = ZdiJO'J—i—ZE?jE]’ (22)
J J

where i,j € [1,2,3] and are indices of electric constituents, I,J € [1,...,6] and are indices
of mechanical constituents, €; the mechanical strain, S¥, the compliance matrix at constant
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electric field, oy the mechanical stress, F; the applied electric field, €;; the dielectric permit-
tivity, d;; the strain-electric-field piezoelectric coupling coefficient. A detailed discussion can
be found in Uchino [150]. For ceramic piezoelectric actuators, ds; can typically range from -2
to -100 pC/N. In addition, there are polymer piezoelectric actuators [42, 71], another class
of piezoelectric transducers, that could provide a larger strain, although the piezoelectric
properties (such as d3; and the electromechanical energy coupling factor ks;) are typically
smaller.

In addition, Figure 2-4a illustrates the hysteresis in piezoelectric materials, due to nonlin-
ear strain changes from polarization reorientation in an external electric field. Strain creep,
shown in Figure 2-4b with time as the horizontal axis, is also expected due to depoling, and
asymptotically approaches a final steady value [150]. To maintain a desired strain precisely,
therefore, a passive mechanical latch or active control would prove desirable.

@ (0)  penmmoe e g
4t < 5%
6 =
Step field
& 3t E = [ I kV/em
S S af |
E oL | % X0
A @,
1k ]
0 —
L i |
0 10 20
Electric field (kV/cm) Time (min)

Figure 2-4: (a) Hysteresis in field-induced strain curves, (b) Strain creep characteristics.
Adapted from Uchino [150].

2.2.2 Analytical thin-film piezoelectric design

An analytical model for multiple-layer cantilever devices — applicable to thin-film microma-
chined devices — was introduced by DeVoe and Pisano [23]. Alternate methods for mod-
eling include lumped-element modeling ! or variational approaches with large piezoelectric
coupling coefficients for dynamic analysis [39, 50]. Weinberg developed a closed-form so-
lution and a static model which could account for built-in axial forces at the end of a
cantilever [157]. The latter work forms the basis of our model to design the deformation in
our double-anchored membrane. The modeling assumptions are the following;:

!This is presented in Senturia [131], Section 21.5.2 .
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Plane strain in beam, such that the Young’s modulus £ — % and d3; — ds1(1+v)

No-slip between the layers

Static equilibrium of cantilever

Beam thickness sufficiently smaller than beam radius of curvature

. . . dE
e Small piezoelectric coupling, such that == < 1

In particular, the position of the cantilever end [z, 60, x| and the generated charge @) can
be expressed as

_ 1——tr 11
ZL le t;g']:;lh kL cn;,h kL O co]sjh kL MU FL
—Cosh kL k tanh kL k tanh kL M
oo | _ P P (1) P, My | L (2.3)
_; x x
Q VCmgEn)y, ktemhkLyo B e, 1%
where
o d31; E; Aj(Zm—25)
M, = ’ S Z = the torque per unit voltage across electrodes, (2.4)
i e
Z‘ dglejAj
F, = ]72 = the axial force per unit voltage, (2.5)
=2
E. A
k., = % = the axial stiffness of the stack, (2.6)
ebLL )
C = = capacitance of the electrodes, (2.7)

with L the PZT length, E; the Young’s modulus of layer j, A; the cross-sectional area
of layer j, z, the neutral axis for torque inputs, and ¢ the thickness of the layer between
the electrodes. The nomenclatures used in the modeling is illustrated in Figure 2-5. The
subscript ¢ denotes layers in the stack, while the subscript j denotes only the layers between
the electrodes.

Specifically, we note that P is the externally applied axial force through the neutral
axis. Taking symmetry through the center of the membrane, P must match the axial force,
Prembrane, from the remainder of the membrane, to the right of the piezoelectric actuator. To
model the deformation in our double-anchored membrane, an initial guess of the deformation
was first computed and iteratively solved to have P equal to P,.emprane Within a defined
tolerance.

The design variables are the following: (1) PZT length L, (2) membrane length L,,epm,
(3) PZT thickness t,,, (4) membrane (platinum and silicon oxide) thickness t,,em, (5) piezo-
electric dielectric coefficient d3;. Of these, L and L,,.,, are the design parameters to vary for
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Figure 2-5: Nomenclature of closed-form solution with loaded cantilever end [157].

devices on a single wafer. The d3; coefficient is a key parameter obtained from device fab-
rication quality, while the layer thickness are generated from actual fabrication constraints
and optimizations.

The predicted total membrane displacement as a function of applied voltage against
various d3; and L parameters are plotted in Figure 2-6 for comparison. The values of L,
tpzt and e, used in this plot are 300 pm, 0.5 pm and 0.27 pm respectively. The linear
response against applied voltage, without spontaneous polarization transition, is assumed
in this analysis for sufficiently small electric fields. As PZT length L is increased, there is
more displacement (and strain) in the membrane; likewise, as the d3; coefficient is increased,
there is more displacement. For L at 200 um and d3; at -100 pC/N, a membrane in-plane
displacement of 187.4 nm is predicted.

350

. 300 + d31 =-100 pC/N; L = 200 um
—3¢—d31 =-100 pC/N; L = 300 um
250 | —#—d31=-100 pC/N; L = 450 um
- - 4 - -d31 = -50 pC/N; L = 200 um

------ d31 =-150 pC/N; L = 200 um
200 -

150 -

100 -

Membrane displacement (nm)

50 -

0
Applied voltage (V)
Figure 2-6: Theoretical membrane displacement against applied voltage for various ds; and

L parameters. The linear response, without spontaneous polarization transition, is assumed
in this analysis for sufficiently small electric fields.
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Design space To investigate the membrane strain (or the piezoelectric actuation axial
force) against various parameters, Figure 2-7 shows the membrane strain versus nondimen-
sional PZT thickness, t,.t/tmem, and nondimensional PZT length, L,.;/Liyem, in our design
space. As expressed in Equation 2.5, the piezoelectric axial actuation force per unit voltage
is solely dependent on ds;, the width of the actuator, and Young’s modulus of PZT, and
not a direct function of ¢,.; as ¢, cancels out for a structure with a single piezoelectric
layer. ds;, however, is dependent on t,,; [160] and the specific relationship dependent on the
fabrication process.
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Figure 2-7: Theoretical membrane strain against: (a) ¢,.¢/tmen ratio and, (b) L/ Ly, ratio,
in our design space.

For a nonlinear relationship between ds; and ?,.;, the resultant membrane strain against
nondimensional PZT thickness is shown as the solid lines of Figure 2-7a for two different
exponential relationships, labeled as (1) and (2) in the Figure. For small ¢,,,; values (such as
0.25 pm), as t,,; is increased, there is an increase in the ds; coefficient and hence increase in
the membrane strain. For larger ¢,.;, the increase in ds; saturates. The increase in ¢,,; then
contributes more to the increased stiffness in the actuator (than the increase in ds; ), thereby
resulting in a decrease in the overall membrane strain. The dashed lines in Figure 2-7a shows
the situation if ds; stays constant for all ¢,.;, and if ds; is a linear increasing function with
increasing tp.;.

The ratio of PZT length to membrane length serves as an linear length amplification
factor, pushing the membrane strain above 0.1%. Figure 2-7b shows the membrane strain
as the PZT length to membrane length ratio is increased. Too large a ratio is not viable
due to fragility of the membrane during fabrication. Also shown in Figure 2-7b are plots for
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various PZT Young’s modulus. A larger PZT Young’s modulus with respect to the membrane
modulus (fixed at 95 GPa with a 0.33 Poisson ratio) brings about a larger membrane strain,
due to the increased relative stiffness of the actuators. In general, the ratio® of (PZT axial
stiffness / membrane axial stiffness) needs to be on order unity or larger in order to effect
strains above 0.1% for a fixed (L/Lem). Depending on ds; and the Young’s modulus, typical
piezoelectric actuation axial forces per unit voltage range from 0.5 - 2 mN/V for a 300 um

wide thin-film actuator designed for our devices?.

2.2.3 Finite-element piezoelectric modeling

While the analytical model provides an excellent estimate on the grating deformation, a
finite-element solution provides insight into more subtle details such as characteristics of
possible bow in the grating, stress concentration regions and modal responses of the de-
formable membrane.

The finite-element modeling is created through CoventorWare right-hand coordi-
nate system is used, with the x-axis defined along the membrane length, the y-axis along the
membrane width, and the z-axis upwards from device substrate to the thin-films. Membrane
deformation, with the piezoelectric thin-films, is computed through coupled linear solutions
of the electric field potential and the mechanical displacement; that is, this assumes suffi-
ciently small electric fields without spontaneous polarization transition of the piezoelectric
material.

TM. A

Membrane X displacement
300.0

200.0 +

100.0 +

0.0
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1 N

-300.0

0 200 400 600 800 1000 1200
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Figure 2-8: Finite element mesh of analog tunable grating, depicting x-axis displacement.
For illustration, film thickness in the z-direction are exaggerated 100X and z-displacement
is exaggerated 2X.

2The axial stiffness kygiq is defined as ETA with A the cross-sectional area.

3This axial force is in agreement with Weinberg [157] from which our model is originally derived, and serves
as order-of-magnitude check. Though piezoelectric energy density is more often the reported parameter [56,
84], our interest here is the actuation force to deform the membrane.
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Figure 2-9: Finite element mesh of analog tunable grating, depicting y-axis displacement.

For a d3; of -128 pC/N and 10 V applied to both actuators, our numerical model predicts
a maximum z-axis displacement of 280 nm at the end of each 450 ym actuator (as shown
in Figure 2-8), corresponding to a 0.197% strain in the membrane. The strain is linear
in the membrane and, at 10 V, gives a 7.89 nm grating period change for 4 pym grating
period. Moreover, there is Poisson contraction in the y-axis, with a maximum of 83 nm
across the gratings and 226 nm across the membrane at 10 V, as displayed in Figure 2-9.
The Mises stress concentration of 220 MPa (at 10 V actuation) is seen at the membrane
edge attachment to the silicon base anchor (Figure 2-10), and suggests inclusion of fillets to
prevent membrane breakage during actuation.

Mises stress distribution (along X-axis) in membrane
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3
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o
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Figure 2-10: Finite element mesh of analog tunable grating, depicting membrane Mises stress
concentration regions.

Moreover, the finite-element model also predicts a 1.941 pm rise in the grating center
across a 282 um grating size as seen in Figure 2-11 in the z-direction. For ease of reference in
this work, we chose to define the grating bow angle as tan~!(grating center rise height /grating
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half-size); this gives us an estimated grating bow angle of 16.71 mrads. There is also a slight

Membrane Z displacement (along X-axis)

Z displacement (um)

Y Z Displacement

051 1.07 0 50 100 150 200 250 300

Membrane position (um)

Figure 2-11: Finite element mesh of analog tunable grating, depicting z-axis displacement.

Figure 2-12 shows the comparison between analytical and finite-element models. Mate-
rial properties, device dimensions and designs are entirely consistent between the models.
There is only fair agreement between the models, with about 23% discrepancy between the
theoretical predictions, most probably due to the out-of-plane motion captured by the finite-
element mesh. A corrected ds; at -128 pC/N for the finite-element model predicts (within
1%) the displacement for the analytical model with ds; at -100 pC/N.
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Figure 2-12: Comparison of analytical and CoventorWare Finite-element models.
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2.2.4 Membrane structural and energy considerations

Residual stress effects Residual stress strongly affects the bending stiffness and mechan-
ical resonance of our double-anchored membrane. While analytical solutions of plates and
membranes under various loading conditions are presented in Timoshenko [144], we employ a
combined variational technique and finite-element computations to understand the effects of
residual stress. A plate or membrane clamped on four sides under uniform loading exhibits
the following stiffness functional form, extending from Senturia [131]:

H3 EH

E
kepp = CrooH + Cbm + CSfS<I/)m ] (2.8)

where coefficients C,., C, Cs and fs(v) are to be determined from finite-element numerical
simulations of structural deflections, ¢; the deflection at the plate or membrane center,
H the membrane thickness, L the membrane length, v the Poisson ratio, £ the Young’s
modulus, k.ss the effective stiffness (= Pc—’?), P the applied uniform load, and o, the residual

stress. The functional form is determined from a variational solution for an appropriate trial
function to the double-anchored structure, while the numerical coefficients are determined
from finite-element computations.

From our particular device geometry, the residual stress contribution (the first term)
dominates over the bending contribution (the second term) in Equation 2.8. That is, the
residual stress induced bending energy dominates over the intrinsic bending energy. Similarly,
the stiffness of a double-anchored narrow beam under uniform loading possesses the same
functional form to Equation 2.8 with the absence of the %ﬂ) and ﬁ terms. Thus,
the residual stress directly affects out-of-plane deflection of our membrane and its resonant
frequency. For large deflections (such that ¢; > H), nonlinear amplitude-stiffened Duffing
spring effects appear, as seen in the third term of Equation 2.8, to further modify the
deflection and resonance response.

Finite-element simulations are performed to capture specific numerical values of C,., C,
and fs(v) for our designed double-anchored membrane. With C}, is assumed to be zero [96],
C, is found to be ~ 0.6, Cy ~ 21.2, and fs(v) at (0.5 - 0.5 x v) when fitted to the finite-
element simulations. We note that determination of Cy and the form of fs(v) are arbitrary
since only the product is of concern. Equation 2.8 can also be recast as:

pL? E
He Croo + Csfs(’/)m €

(2.9)

where if g—z is plotted against c?, the film residual stress and biaxial modulus can be found
from the line-intercept and the slope respectively. The membrane profile with 350 MPa
residual stress (tensile and causing the structure to shrink) in PZT and -300 MPa residual
stress (compressive) in the thermally-grown silicon oxide under 100 kPa load is shown in
Figure 2-13. The Mises stress distribution is relatively uniform within the grating region
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and the PZT actuator region, with the maximum stress at the anchor support region.

—

|
0 1400 MPa

Figure 2-13: Membrane Mises stress and displacement profile under 100 kPa load, with
350 MPa residual stress in PZT and -300 MPa residual stress in thermal oxide. The dis-
placement is exaggerated for clarity.

Variational technique for elastic strain energy The above variational technique to
gauge residual stress effects can be further implemented for large amplitude deflections in
the double-anchored membrane. For large out-of-plane deflections, the in-plane strains need
to account for both in-plane and out-of-plane displacements as given by [144, 131]

du 1 [dw\’
_ 4t e 2.1
Co dx + 2 (da‘;) (2.10)
dv 1 [dw)’
du dv dw dw
= — 4+ — — | — 2.12
Ty dy+dx+<dx><dy> ( )

where u is the in-plane displacement in the direction towards the two fixed ends, v the in-
plane displacement perpendicular to u, w the out-of-plane displacement. z is the in-plane
axis towards one of the fixed ends, y the in-plane axis perpendicular to z, z the out-of-plane
axis, €; and ¢, the strains in the x and y directions respectively, and ,, the shear strain

in the xy-plane. The % (%)2, % (Cé—w)Q and (%) (‘fl—‘;) terms account for axial stretching.

To respect the boundary conditions of the double-anchored membrane, we use the following
approximate trial functions:

2
w o= 6—21 (1+ cos Lilw> (14 cos Z—Z) (2.13)

R . 2mx . my dw
U = ¢y sin—— sin— —

— 2.14
Ll LQ : dx ( )
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2 dw
v = @sinﬂ—y(l%—cos—mg v

5 I, I ) — 2 Tr (2.15)

where L; and L is the membrane length in the z and y directions respectively. The z 42

N dx
and z Z—Z’ terms account for bending.
In addition, for a plane-stress scenario, the piezoelectric coupled stresses is expressed
as [39]

T1 = — d31E E + EEI (216)
TQ = — dglE E + EEy (217)
To = Gy (2.18)

where E is the electric field in the z direction, E the isotropic Young modulus, and G the
shear modulus. The elastic strain energies are then given by

E 2 2 G 2
W = /wl [ 21— 17 (ez + €, + 2V€r€y) + 5 Yoy | dxdydz (2.19)
Whesidual = /’L}Ol Oo (633 + Ey) dxdydz (220)
1 1
Wpiezo = / 5 STT == = (QpTl + EyTQ + VryTﬁ) dxdydz (221)
vol,piezo vol,piezo

where W is the elastic strain energy including both bending and axial stretching, W, csidual
the residual stress strain energy, Wpy,.., the piezoelectric coupled electromechanical strain
energy, v the Poisson ratio, and o, the residual stress, ST the transpose of the strain vector,
and T the stress vector.

The constant terms c;, ¢o and c3 terms are found with the variational solution, of min-
imizing the total elastic strain energy and external work done with respect to c¢;, ¢ and
c3. As mentioned earlier (on page 39), residual stress is the dominant term in our designed
double-anchored membrane. After some lengthy algebra, the various contributions to the
elastic strain energy W, to first-order, can be summarized in the following functional forms:

bending term in x = f(c3, T3 Ly, H?) (2.22)
1

1
bending term in y = f(cf, L1, I3 H?) (2.23)

2
axial stretching term in z = f(cf, o5 Ly, H) (2.24)
axial stretching term in y = f(cj, Ly, it H) (2.25)

2

cross-coupling term in zy = f(c3, Ly, H?) (2.26)

—,
Ly
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shear term in xy-plane = f(c, i, i, H?) (2.27)
Ly L

where H is the membrane thickness. Again, we observe the cubic dependence of the bending
terms on H and the linear dependence of the axial stretching terms on H — as consistent
with the earlier Equation 2.8. Looking at the bending and axial stretching terms for our
particular design parameters (such as the tunable microcavity waveguide as described in
Chapter 4 and Chapter 5), the most susceptible (least energy) mode is the bending mode in
x. This is followed by axial stretching in x, bending mode in y, and finally, axial stretching
in y. This coincides with our intuitions; the first bending mode experiments are described
in Section 3.3.3.

Vibration and harmonic analysis Harmonic excitations of the double-anchored mem-
brane is carried out in the finite-element model, where a device quality @ at 0.1 (and damping
coefficient b of 1 x 10™*) is used with a loading amplitude of 400 pN. Since the device is
bulk-micromachined with no surface underneath membrane, there is negligible squeeze-film
effects. For device L,,; at 450 pm, the first three resonant modes are found to be 10.62 kHz,
11.09 kHz and 18.76 kHz respectively. The corresponding Bode responses are illustrated in
Figure 2-14a. The first resonant mode is a vertical out-of-plane membrane deflection; the
second mode tilt in the membrane; the third mode a higher-order vertical deflection. We
note the nonlinear Duffing amplitude-stiffening in the third resonance mode. Figure 2-14b
shows the response with b of 1 x 1072 and the response for a shorter device L,.; at 200 pm
where the first resonant mode is higher at 18.22 kHz. To design for operation at higher
frequencies, L,.; can be decreased and the thickness H of the membrane increased for the
same material properties.
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Figure 2-14: Harmonic response of double-anchored membrane: (a) first three modes for
damping coefficient b of 1 x 107, (b) solid line is with b of 1 x 1072, and dotted line is with
bof 1 x 107* but with a L,,; of 200 ym. In all cases, the loading amplitude is 400 pN.
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2.3 Optical Grating Design

2.3.1 Diffractive gratings theory

A grating structure consists of periodic elements that has the effect of producing periodic
modifications in the phase or amplitude of the incident beam. In the simplest form, the
generated interference pattern can be expressed in the grating equation. For example, the
m* diffracted angle at normal incidence can be found as

A sinf,, = A sinf; +m A (2.28)

with A the grating period, 6,, the diffracted angle, 6; the incident angle, m the diffracted
order (€ [0, £1,+£2,...]), and A the wavelength. For analog tuning in the grating period such
that A — A+ AA and incident angle perpendicular to the grating, Equation 2.28 can now

be modified into
mAAA

A2
where A6, is the change in the diffracted angle and AA the grating period change. A small A
would serve as a quadratic amplification factor in Af,,. A more detailed Fourier description
for a 50% fill-factor binary phase grating within a finite rectangular aperture can be cast as

Ab,, = (2.29)

ez’27rz/)\ eiﬁ(u2 +v2)/ Xz

U(u,v) = oY ]—“{ebwmb(dm)*%red(%)}rect(ax)rect(by)} (2.30)

where W(u,v) is the optical field in the Fraunhofer regime and under the paraxial approxi-
mation. The terms used are \ as the incident wavelength, z the propagation distance, F{ }
the Fourier transform notation, comb( ) the comb operation, rect( ) the rect operation, a
and b the finite aperture lengths at the object plane with coordinate (z,y) respectively. The
terms e2m2/% ¢im(*+v*)/Az i the numerator are the linear phase and the parabolic phase
factors respectively, and the term ¢Az is a constant of propagation. This Fourier representa-
tion is useful for examining optical efficiencies under microfabrication deviations and device
actuation conditions.

2.3.2 Efficiency, deviation and resolving power

From Equation 2.30, the calculated intensity (|¥(u,v)|?) is normalized with the maximum
intensity from the zeroth order. The spectral intensity from a binary phase grating is il-
lustrated in Figure 2-15. A binary amplitude grating, also included in the set of designed
devices, will have first-order diffraction efficiency a quarter of the binary phase grating, as
half of the incident field is lost in the amplitude grating.

In actual fabrication, however, the fill factor — chosen as the percentage of ridge height to
groove height — is not at 50% nor is the step height at quarter-wavelength. As measured from
the actual fabricated gratings (in Section 3.1.4), the dimensions are revised with the resulting
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Figure 2-15: Normalized spectral intensity of binary phase grating.

diffraction efficiency shown in Figure 2-16 for each of the two effects. The cumulative effect,
of a 42% fill factor and 1.2 step height phase delay, decreases the first-order diffraction
efficiency to 21.5% (normalized with maximum intensity in this spectral). A trapezoidal
shape profile of the binary grating could further decrease the diffraction efficiency [119].
Iterated fabrication optimizations for the grating beam form factor will improve the efficiency.

Moreover, with the grating bow predicted in the finite-element solution (Section 2.2.3),
we investigate its effects on the diffraction spectra. A parabolic fit in the phase delay
(as suggested in the membrane z-displacement) is included in the transmission function.
Figure 2-17 shows the resultant spectral in comparison with an optically-flat binary phase
grating. A 16.71 mrads bow in the grating flatness is used. Both spectra are based on the
as-fabricated fill factor and step heights. We observe a spatial spreading out of the energy,
although the total diffraction efficiency remains relatively unvaried at 20.3% for an ideal
grating and 16.8% (for the as-fabricated 42% fill factor and 1.27 step height phase delay).
The membrane bow also distorts the first diffracted order response, as shown in Figure 2-18
where spectrum at the Fourier plane for the first order is plotted for different maximum
vertical deflections in the membrane bow. The membrane bow contributes approximately
an additional 56% shift in the first diffracted order, compared with the same grating period
actuation on an ideal flat grating. This additional shift needs to be taken into account in the
optical design of piezoelectric tunable gratings for specific optical telecommunication devices
and miniaturized spectrometers.

To reduce membrane bending, residual stress in the membrane could be controlled
through a silicon nitride (instead of silicon oxide) diffusion barrier with variable silicon ra-
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Diffracted order efficiency comparison Binary phase grating fill factor comparison
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Figure 2-16: Diffraction efficiency comparison: (a)with as-fabricated ridge height for various
orders, (b)with as-fabricated fill factor for the first order.

tio. In addition, the membrane thickness could be increased for a cubic increase in bending
stiffness, while trading-off a linear decrease in axial stiffness in the small-deflection regime.
Other design possibilities include: (1) designing the PZT actuators as continuous between
the left and right actuators (which will reduce bending at the expense of grating period
change), (2) having a sliding guide on top of the membrane to prevent out-of-plane deflec-
tion, (3) locating the piezoelectric actuators on the same plane as the neutral axis of the
multimorph membrane. The latter could perhaps be fabricated by filling a trench in a thick
Pt membrane with PZT.
Spectral resolving power * of the grating can be described by a criteria ® first proposed

by Rayleigh [125]. The resolving power 3% is

A mW

AT AT mN (2.31)
where W is the total grating size (~ Lyen in the nomenclature given in Section 2.2.2) and
N the number of grating grooves. For our microfabricated grating (A at 4 pm and W at
282 pm), ﬁ is 70.5 for the first order, which gives AX at only 9 nm for A at 632.8 nm.
A grating with more periods and using the higher-orders, if possible, will be necessary to
improve the resolving power.

4The term “resolving power” is a property of the grating, whereas “resolution” — the smallest change of
wavelength detectable — is a function of both the grating and the instrumentation.

5Rayleigh proposed two patterns of equal intensity to be just resolved when the principal intensity max-
imum of one pattern coincides with the first intensity minimum of the other.
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Normalized spectral intensity for gratings with vertical deflection in membrane
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Figure 2-17: Normalized spectral intensity of binary phase grating, with 16.71 mrads bow
in grating flatness, in comparison with an optically-flat binary phase grating. Both spectra
are based on the as-fabricated fill factor and step heights.
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Figure 2-18: Normalized spectral intensity of the first diffracted order, against different
maximum vertical deflections in the membrane bow. Multiple maxima peaks appearing due
to bow in the grating flatness.
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2.4 Specific Applications Of Analog Tunable Diffrac-
tive Gratings

The ease of high-resolution grating period control through electrically-excited piezoelectric
actuators has brought about several applications to mind; we cite here two specific applica-
tions: (1) thermal compensation for optical network channel add/drop multiplexers, and (2)
dynamic compensation of polarization and chromatic mode dispersion. Other possibilities
include miniaturized spectrometry, optical strain gauges [9, 13, 132], and tunable external
cavity lasers.

2.4.1 Thermal compensation and wavelength-selective switching
for Optical Add/Drop Multiplexers

The double-anchored membrane has a Biot number of 2 x10~? in the thickness of the mem-
brane and 1 x107° in the membrane length-wise direction. This suggests the conduction
resistance is significantly less than the convection resistance; that is, without the presence
of heat generation, the temperature distribution is uniform within the grating membrane.
With a thermal expansion coefficient of 8.8 x107% K~! a AT of 2.8 °C leads to a 0.1 nm
change in a 4 pm grating period. A temperature variation of -5 °C to 80 °C would therefore
suggest a strain of 2 to 5 x10~*. This is the actuation range needed to compensate for ther-
mal effects and is achievable in our device. For small-amplitude displacement, a feedback
controller unit could be implemented to compensate for creep in both the PZT actuators
and the metallic (Pt) membranes °.

The piezoelectric-actuated tunable gratings could also perform wavelength-selective switch-
ing for a small number of 100 GHz C-band channels, whether for wavelength add/drop filters
or tunable external cavity lasers 7. An schematic illustration of the wavelength add/drop
nodes in an optical network is shown in Figure 2-19. The number of channels that can
be switched can be derived simply from the grating equation (Equation 2.28) which, when
modified for a change in wavelength A, gives the change in diffracted angle as

Af = % AN (2.32)

The wavelength range A\ for a certain operating frequency is related by

CNAf eAf
==

AN (2.33)

6While we expect the metallic creep to be small for low-temperature and low-stress operation, a Si or
SiO9 membrane, with Pt metallization, could also be used to reduce transient [25] and steady-state creep.

"Thermally-actuated gratings have been suggested and demonstrated for wavelength-selective switching
in the industry.
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For a 100 GHz channel (or AX of 0.8 nm) in dense wavelength division multiplexing (DWDM)
optical networks, this translates to a Af of 2x 10~* rads, for our current grating device design
and employing only the first-order. From this, Equation 2.29 then suggests a required grating
period change AA of 2.06 nm for each channel. Given the theoretical AA of 7.89 nm at 10
V in our membrane design, we estimate this first device design could possibly be sufficient
to switch ~ three 100 GHz channels.

Long Haul
OADM|
¢ DWDM|
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. [[oADM b
Metro ring network DWD! A_'mess loop
OADM|
DWDM| /

Figure 2-19: Optical Add/Drop Multiplexers elements in a DWDM ring network.

Careful packaging is also necessary to make this device a viable commercial product.
At the chip packaging level, examples of considerations include cost-efficient electrical wire-
bonding to the piezoelectric actuators, isolation of external disturbances such as vibration
and electrical noise to the device, and negligible thermal gradients imposed on the grat-
ing. At the product packaging level, examples of considerations include alignment of optical
elements, modularity of supporting optical components, electronic driving circuitry and feed-
back module, and on-board calibration schemes.

2.4.2 Dynamic dispersion compensation

Tunable gratings also has applications in dynamic compensation for chromatic and polariza-
tion mode dispersion in optical fibers, through use of a grating pair for pulse compression [147]
or varying the differential optical path lengths between the polarization modes.

Chromatic dispersion Pulse spreading occurs in a dispersive fiber due to the fact that
different frequency components travel have different group velocities. In normal dispersion
fibers (ji—é > 0, where (3 is the propagation constant of the guided mode), the pulse broadens
for frequencies above a critical frequency and fiber length [44]. Typical dispersion values for
single-mode fibers are on order of 17 ps/nm-km; that is, a 10 Gbps pulse (100 ps pulse width)
will spread 17 ps from its mean after traveling for 1 km. A system with anomalous disper-
sion (g%@ < 0) is required to recompress the pulse. Fiber Bragg gratings with anomalous
dispersion have been investigated with dispersions up to -100 ps/nm suggested [35], while
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liquid-crystal phase modulators have been used for arbitrary pulse shaping, such as demon-
strated by Weiner [158]. Another convenient artificial realization for pulse compression is a
grating pair. Figure 2-20a illustrates such a setup for chromatic dispersion compensation.
The dispersion is expressed by [44]

¢ (1/w?)(A/A)(2mg/A)

dw? [1 — (sinf; — A\/A)2J3/2 (2.34)

where ¢ is the phase shift through the grating pair, g the perpendicular distance between
the gratings, and 6; the incidence angle. Only the first-order diffraction is used. For gratings
with variable period A, the dispersion compensation is calculated from Equation 2.34 and
shown in Figure 2-21 for various grating period changes. For a grating period change of 10
nm, the tunable dispersion compensation provides the range — up to order of -100 ps/nm
— needed in deployed fibers. The anomalous dispersion is also strongly dependent on the
incidence angle. Figure 2-21 is based on a grating incidence angle of 18.0°, A of 1 pum
before actuation, incident wavelength of 1.3 um, and a gap g of 10 cm between the grating
pair. For a larger tunable dispersion compensation range, the incidence angle can be further
decreased. Response time is limited by the mechanical resonance frequency, on order of kHz
to MHz. The fallback is the low efficiency: for binary transmission gratings, the ideal two-
pass efficiency using a single first-order diffraction beam is 16.4% (or 7.9 dB loss), although
other grating configurations are possible.

planar

mirror virtual mirror \
S
”

polarizing
beam splitter

Figure 2-20: Grating pair setup for: (a) chromatic dispersion compensation, (b) polarization
mode dispersion compensation.

Polarization Mode Dispersion “Single-mode” fibers support two orthogonally polar-
ized HEy; modes [164]. In an ideal fiber, these modes are degenerate. However, because of
loss of circular symmetry, the two modes have different group velocities due to fiber birefrin-
gence. The random perturbations, both intrinsic (during manufacturing) and extrinsic, of
the birefringence lead to random coupling between these modes, which results in pulse dis-
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Figure 2-21: Chromatic dispersion compensation for various grating periods using grating
pair setup illustrated in Figure 2-20a.

tortion [37, 70]. Typical polarization mode dispersions (PMD) range from 0.1 to 1 ps/vkm
for the mean differential group delay and accumulated dispersions up to 100 ps between
nodes, at this time of writing.

Figure 2-20b shows the grating pair element setup to vary the optical path length for
one polarization. The beam output then is combined back with the other unperturbed
polarization. The change in the optical path length, in free space, Apuip iengen for a variable
grating period is expressed geometrically as

9 g
cos(p1 + 09)  cos ¢
with [ = g (tan(¢y + d¢) — tan ¢,) (2.36)

Apath length — 2

where 0; is the incidence angle, g the perpendicular distance between the gratings, ¢; the
first-order diffracted angle, and d¢ the change in the diffracted angle.

The result with the tunable gratings is as shown in Figure 2-22, where the gratings are
designed to compensate for 100 ps of dispersion. This specific calculation is for a gap g of
10 cm, incident wavelength of 1.3 um, and a grating period of 4 ym. A diffracted angle
change of 400 urads corresponds, and varies linearly, to a grating period change of 4.9 nm
on a 4 pm period for the first diffraction order, as described previously in Equation 2.29.
The PMD compensation is linear with respect to the diffraction angular change, or grating
period change, due to the small angular changes involved. The dispersion compensation is
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Figure 2-22: Polarization dispersion compensation for various grating periods using grating
pair setup illustrated in Figure 2-20b.

also strongly dependent on the incident angle. The fallback of the system are: (1) the low
efficiency, as in the chromatic dispersion setup, in the required four passes at the gratings,
and (2) the need to position the incident angles to precision within 0.01°.

2.5 Summary

This chapter begins with a conceptual description of analog tunable gratings, enabled by thin-
film piezoelectric microactuators. Different designs are considered and modeled analytically.
Through the analytical model, the effects of various design parameters on the grating period
displacement are investigated and mapped onto the design space. A finite-element model is
built, not only as a confirmation of the analytical model, but also to provide an estimate
of the out-of-plane displacement and the resonance modes. The effects of membrane bow
is then mapped onto the optical domain. The optical model is also used to consider effects
of a non-ideal binary phase reflection grating. We then end with a discussion on specific
applications, such as thermal compensation and wavelength-selective switching for optical
add /drop multiplexers, and dispersion compensation in optical fibers.

The next chapter will present the fabrication process of the piezoelectric-actuated analog
tunable gratings. Experimental results, including electrical characterizations, mechanical
demonstrations, and optical measurements will be presented in comparison with theory.






Chapter 3

Microfabrication And Experiment Of
Analog Tunable Diffractive Gratings

Physics constitutes a logical system of thought

which 1s in a state of evolution. .. The justification of the system

rests in the proof of usefulness of the resulting theorems

on the basis of sense experiences, where the relations of the latter to the former
can only be comprehended intuitively.

—ALE., Out of my later years.

This chapter presents the microfabrication and experimental results on the analog tunable
gratings driven via thin-film piezoelectric actuators. In the microfabrication section, the
processes detailed include PZT fabrication, diffractive gratings lift-off and electrode material
optimization. In the experimental section, electrical, mechanical, and optical measurements
are analyzed and discussed. Measurements of a water-immersible piezoelectric cantilever are
also presented.

3.1 Microfabrication

The features in this device are defined invariably with optical lithography. Following pattern-
ing, the features are either surface micromachined (via lift-off or reactive ion etching (RIE)),
or bulk micromachined via potassium hydroxide (KOH) etching [81, 103]. This combina-
tion of surface and bulk micromachining presents hurdles in material selectivity and fragility
of thin-film membranes, but is chosen to prevent issues of stiction of the large deformable
membrane. The microfabrication is completely carried out in the Microsystems Technology
Laboratories at MIT.
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3.1.1 Overall process flow and design permutations

The essential steps of the fabrication process are summarized in the process side profile
shown in Figure 3-1. First, a 200 nm dry thermal oxide is grown as a diffusion barrier to
PZT. Next, a 200 nm silicon nitride layer is deposited via PECVD on the backside and
then patterned to serve as a hard mask for an eventual KOH backside etch. (Although low-
stress LPCVD silicon nitride, via control of silicon composition, is preferred to control the
residual stress in the composite membrane and for less pitting during KOH, the particular
machine was not available during the device fabrication.) A 200 nm Pt layer, with 20 nm Ti
adhesion layer, is then evaporated on the substrate and patterned via lift-off to create the
bottom electrode. To expedite the process and to maintain repeatability, Pt RIE was not
used. Sol-gel PZT is then spun-on in repeated individual steps, with each coating about 60
nm, and annealed to create a high-quality PZT layer with 0.5 pm thickness. The condition,
cleanliness, and fabrication recipe, of the Pt/Ti bottom electrode is key to the PZT quality.
PZT hillock and crack formation issues were resolved with process experimentation of the
Pt/Ti bottom electrode and PZT fabrication conditions. Alternatives such at Pt/Ta and
nitride as the diffusion barrier were investigated and found not to be as effective as the
Pt/Ti/SiOy combination.

200 nm thermal oxide
| 200 nm nitride (backside)
deposition and etch

220 nm Pt/Ti bottom
electrode liftoff

[— Hmm— 500 nm PZT deposition and
anneal and patterning

e s 220 Nm Pt/Ti top
electrode liftoff

%E 160 nm p|atinum
gratings liftoff

— o S— o ckside KOH and

\_ Si RIE release etch

Figure 3-1: Microfabrication process flow of the analog tunable grating. The process consists
of five masks and involves both surface and bulk micromachining.

After PZT deposition, we next employ a modified HF:HCl wet-etch recipe to pattern
the PZT [101]. Wet-etching is faster and more economical than dry-etching, although the
undercut in the PZT layer has to be controlled (as further discussed in Section 3.1.3). The top
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electrode is then deposited with a second 220 nm Pt/Ti evaporation and lift-off procedure.
The diffractive grating is next separately created ! with a 158 nm Pt lift-off with 2 um
minimal linewidth features. The wafer is then etched from backside with a 445 pym KOH
etch, using Apiezon wax W for the wafer frontside protection. The wax is coated with the
wafer heated on a hot plate and, after the KOH etch, removed with a trichloroethylene
solvent. The membrane is finally released with an approximately 5 ym Si RIE from the
backside. The detailed process steps and conditions are listed in Appendix A.1 for reference.
To complement the process flow, Appendix A.2 shows the projection lithography mask layout
for a single chip.

As discussed in Section 2.2.2, the PZT length L and the membrane length L,,.,, — or

the ratio of + L are the design parameters to vary for devices in one wafer. In our
mem

specific mask, two 7. ratios of 1.33 and 3.00 are used. The membrane width is kept at
300 pm for a square grating optical aperture and, since the theoretical piezoelectric design
deemed sufficient force from the PZT actuators, there was no need to increase the width
beyond 300 pm. Variations in the grating period, at 2 ym and 4 pm, are also included.
To prevent issues of electrical shortage between the top and bottom electrodes during wire
bonding (“punch through” of the PZT), separated contact pads on the bottom electrode are
designed so that in the event of a “punch through”, there will still be no electrical shortage.
Variations in the contact pad sizes are also designed, since a larger contact pad would be
easier to probe, though more susceptible to electrical shortage with the larger PZT area (as
measured in Section 3.1.3). A water-immersible active cantilever design is also included in
the fabrication masks. Appendix A.2 summarizes the design permutations and also the chip
locations on one wafer.

3.1.2 Electrodes processing

The Pt/Ti top and bottom electrodes are processed via resist lift-off. Resist AZ5214-E
is used with image-reversal techniques, with optimization in the resist thickness, exposure
and baking times (as detailed in Appendix A.1) to create 2 pm minimum linewidths in the
bottom electrode as shown in Figure 3-2. While sputtering is the preferred technique to
create bottom electrodes with stronger adhesion, evaporation was used due to availability
and compatibility of the machine at the desired Class 100 cleanroom. Lift-off, instead of
RIE, is also used to pattern the electrodes. The quality of the evaporation, the cleanliness of
the bottom electrode after lift-off, and the size of the separation gap in the bottom electrode
are essential control parameters in preventing subsequent PZT hillocks and cracks.

L Although both the grating and top electrode depositions are made up of Pt and are consecutive processes,
the two depositions are kept separate to allow for differences in the grating step height (needed at quarter-
wavelength of incident light) and the top electrode step height (kept at 200 nm as a conservative estimate)
in this process demonstration.
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Figure 3-2: Patterned bottom electrodes, fabricated via evaporation and lift-off, for subse-
quent PZT processing. 2 um minimum linewidths are used for both the perforated membrane
design and contact pad separation.

3.1.3 PZT processing

Sol-gel PZT material? is first spun-coated (500 rpm for 3 sec, followed by 1500 rpm for 30
sec) on the Pt/Ti bottom electrode. Pyrolysis is then carried out on a hot plate at 150 °C for
3 mins and then a second hot plate at 350 °C for 5 mins. Each spin-coating is approximately
60 nm. To make a 0.25 um layer, a one-time annealing at 700 °C for 15 mins is carried out
after 4 spin-coatings. To make a 0.5 um layer, two separate annealings are used, each after a
0.25 um PZT layer (4 spin-coatings with 4 pyrolysis) is deposited. The first annealing lasts
1 min at 700 °C and the second annealing lasts 15 mins at the same temperature.

Figure 3-3 shows the X-ray diffraction (XRD) results over different bottom adhesion and
diffusion barrier materials and processing conditions. For the adhesion layer, both Ti and
Ta were tried. While Ti is the stronger adhesion material, it is highly susceptible to KOH
attack. Ta is less susceptible to KOH (if kept under low temperature, approximately 100 °C,
processing to prevent formation of Ta silicide), but is a poorer adhesive material between
Pt and the diffusion barrier. Upon PZT annealing, there were significant hillocks in the
PZT film with a Pt/Ta bottom electrode. The XRD results in Figure 3-3 show the presence
of the pyrochlore phase. We attempted annealing the Pt/Ta bottom electrode before PZT
deposition to improve the adhesion between Pt and SiOs, but the fabricated PZT film still
showed hillocks and, as seen in Figure 3-3, the presence of the pyrochlore phase. The
Pt/Ti bottom electrode works best for the fabricated PZT film. A SiN, diffusion barrier
is also experimented, as the residual stress in the nitride can be varied (via control of Si
composition in SiN, ), possibly to complement the tensile PZT residual stress. The actual
devices fabricated and tested eventually had a SiO, diffusion barrier because the variable-
composition nitride deposition tool was not functional during the device fabrication period.

2Mitsubishi PZT sol-gel with 15% PZT(118/52/48) A6 Type.
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Figure 3-3: X-ray diffraction results of the fabricated PZT films, for different bottom ad-

hesion and diffusion barrier materials and processing conditions. The four lines depicted
(from top down) are: PZT/Pt/Ti/SiN,, PZT/Pt/Ti/SiOy, PZT /Pt(anncaled)/Ta/SiOq,
PZT/Pt/Ta/SiOy. XRD measurement courtesy of Y.-B. Jeon.

Figure 3-4a shows an SEM on the annealed PZT film grain size. The grain size is uniform
across the surface, with average grain size of approximately 100 nm. Figure 3-4b shows the
side profile of the PZT film, detailing the bottom electrode and the fabricated film thickness.

(b) -
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150 kv 2.0 15000x SE 11.0

Figure 3-4: SEM of annealed PZT film: (a) grain size uniform at approximately 100 nm (top
surface view of film; picture courtesy of Y.-B. Jeon.), (b) side profile of PZT film, detailing
bottom electrode and fabricated film thickness.
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In addition, the PZT film surface above an opened Pt/Ti bottom electrode gap is illus-
trated in Figure 3-5. Some parts of the Pt/Ti bottom electrode are opened (in 2 pum gaps),
via lift-off and thus exposing the SiO,, to prevent possible electrical shortage at the contact
pads and, secondly, to allow for a water-immersible active cantilever design. Figure 3-5a
shows the AFM image immediately above the opened Pt/Ti bottom electrode, where the
PZT film is in contact with the SiO5 diffusion barrier. We observe that the film surface
is relatively smooth here, suggesting a different composition of the film on top of a Pt/Ti
bottom electrode as shown in Figure 3-5c.

Figure 3-5: AFM images of PZT film surface: (a) PZT surface on top of opened Pt/Ti
bottom electrode gap, with PZT film in contact with SiO, (b) PZT surface next to Pt/Ti
gap, (¢) PZT surface on top of Pt/Ti bottom electrode, (d) schematic of AFM imaging
location. AFM imaging and figure construction courtesy of Y.-B. Jeon.

The deposited and annealed PZT film is then wet-etched in a diluted HF:HCL solu-
tion [101] with the detailed conditions described in Appendix A.1. A diluted HF:HNOj3
solution is also possible [162]. The resultant actuator is shown in Figure 3-6. A SEM cross-
section of the etched structure, with photoresist, is performed to assess the undercut. As
shown in Figure 3-7, there is approximately 690 nm undercut for a PZT layer that is 250
nm thick, which is acceptable for our device design which has 300 ym wide and at least
200 pm long PZT actuators. The 5 um resist used is AZ 4620. A different resist material
for thin coatings, OCG 825, was also used for a 1 um resist and tested for wet-etching.
The result gives large undercuts on the order of 50 um, as shown in Figure 3-8. Electrical
characterization of the completed PZT film, with top and bottom electrodes, is discussed in
Section 3.2.
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Figure 3-6: Wet-etched PZT on patterned bottom electrode.
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Figure 3-7: SEM cross-section of wet-etched PZT profile, showing undercut.

Figure 3-8: Top optical microscope view of wet-etched PZT shape, with thin 1 yum OCG 825
resist. The undercut is on the order of 50 pm.



3.1. MICROFABRICATION 60

3.1.4 Diffractive gratings

The minimum linewidth of the diffractive gratings is chosen at 2 um, and fabricated via
platinum lift-off. Figure 3-9 shows an SEM of the fabricated binary phase grating for use
in reflection mode. The grating depth measures at 190 £ 5 nm (20.1% more than % of a
632.8 nm HeNe laser) and the fill factor is estimated at 42 + 2% (instead of 50%), with
1.7 pm ridge and 2.3 pm groove. As mentioned in Section 2.3.2, these deviations from the
ideal dimensions decreases the theoretical first-order diffraction efficiency for a binary phase
grating in reflection mode to 21.5%.

—

AccV SpotMagn Det WD F——— 2um
1560kv 30 15000x SE 108

Figure 3-9: SEM of fabricated binary diffractive grating. SEM courtesy of Y.-B. Jeon and
A. Garratt-Reed.

The completed thin-film processing of the devices, prior to KOH release, is shown in Fig-
ure 3-10. The design of these devices were suggested and discussed in Section 2.1 (Figure 2-2
and Figure 2-3).
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Figure 3-10: Top-view of completed thin-film processing of devices, prior to KOH release: (A)
cantilever design, (B) double-anchored membrane design, (C) perforated membrane design,
(D) close-up on the multi-layer structure.



3.1. MICROFABRICATION 62

3.1.5 Device release

The membrane is released from the backside via a combined KOH wet-etch and a final RIE
dry-etch. The fabricated device is first placed in a 20% KOH solution at 75°C for 6.5 hrs,
followed by a slower KOH etch at 65°C for approximately 1.5 hrs. Wax protection is used on
the frontside to protect the PZT/Pt/Ti device layers. The final minutes of the timed KOH
etch is crucial: due to non-uniformity in the KOH etch across the wafer, an over-etch in the
KOH will lead to removal of the oxide barrier (especially with the elevated temperatures),
with the KOH solution attacking the PZT and lifting-off the Pt/Ti electrode. Hence, the
KOH etch is stopped with approximately 5 um of Si remaining before it reaches the oxide
barrier. Detection is made possible with an optical microscope, viewed from the frontside,
wherein the remaining few microns of Si becomes translucent in the gap regions. The wax
is then removed with a trichloroethylene solvent and a Si RIE dry-etch performed from the
backside to release the membrane.

Membrane bow, both along membrane length and width, is expected from the thin-film
residual stresses. After backside RIE release of the membrane, we observed bow along the
membrane edges. This is shown in Figure 3-11, where most of the membrane is in focus,
with the out-of-focus regions confined to the membrane edges (approximately 20 pym into
the membrane). The magnitude of out-of-plane deflection is estimated on the order of
10 pm across the 330 pm wide membrane, from microscope depth-of-view measurements.
Subsequent profilometries to detail the edge bow proved difficult for optical non-contact
profilometers (due to the sharp rise of the edges) and surface contact profilometers (due to
mechanical fragility of the released membrane).

bow regi on. 3

¥ _

Figure 3-11: Released membrane after KOH bulk micromachining and RIE release. The bow
at the membrane edges is observable from the out-of-focus regions, extending approximately
20 pm into the membrane.

We were, however, able to measure the membrane bow profile before final RIE release in
more detail. This is shown in Figure 3-12, where there is approximately 5 pm of Si remaining
underneath the membrane. There is a deflection of 1 ym downwards, with the typical tensile
residual stress of PZT and compressive stress of SiO5 causing the membrane to bow upwards.
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The bow in the grating region is, however, hard to ascertain due to either in-plane resolution
limit of the measurement instruments or the grating diffraction effects interfering with the
Michelson setup of the instrument.
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Figure 3-12: Optical profilometry on membrane before RIE release and after KOH bulk
micromachining, depicting membrane profile before final release.

3.2 Electrical Characterization

The completed device shows excellent ferroelectric properties. Figure 3-13 shows the po-
larization against electric field hysteresis characterization. The saturation polarization is
67 uC/cm? while the coercive field is 38 kV/cm (corresponding to 1.9 V). The measured
dielectric constant, after device completion, is unaffected by the backside bulk KOH and
surface RIE etch release, and is about 1200 on our completed device. Figure 3-14 shows
the dielectric constant against excitation frequency, with the dielectric constant dropping
off at approximately more than 30 kHz. The dielectric loss is estimated at below 0.1 and
has a corresponding response with the dielectric constant. The actual estimate of d3; value
is detailed in Section 3.3.2, wherein the measured mechanical motion is used to indirectly
gauge the dsz; coefficient and an independent direct d33 measurement result is discussed. The
measured power consumption at 10 V DC is 30 nW from current measurements.

Fatigue analysis of the PZT film, on an unreleased membrane, was investigated. Fig-
ure 3-15 shows the cycling results under a 5 V 19.6 us rectangular pulse. While piezoelectric
actuators are generally used at :i:% E., the 5 V amplitude corresponds to 1.8 E. and brings
about the possibility of residual charge built up. However, the effect is not serious as shown
in the fatigue cycling up to at least 1.5 x 10'° rectangular-waveform cycles. Figure 3-15
shows the polarization change — specifically, the difference between saturation polarization
at maximum voltage and remnant polarization at negative maximum voltage — for two con-
secutive sets of cycling on the same device. The second fatigue cycling is done a few days
after stopping of the first fatigue cycling.
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Figure 3-13: Polarization electric field (expressed as applied voltage) hysteresis curve for
completed device. Ferroelectric properties were unaffected after KOH bulk micromachining

and RIE release.
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Figure 3-14: Dielectric constant and dielectric loss frequency response of PZT film in com-

pleted device.
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Figure 3-15: Fatigue cycling results of PZT film, under a 5 V 19.6 us rectangular pulse. The
second set of cycling is done on the same device and polarization is the value investigated.
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3.2.1 Variation of electrode sizes

Different electrode sizes, consisting of different PZT lengths and contact pad sizes, were
included in the design matrix. Figure 3-16 shows the dielectric constant against various
electrode sizes for a single wafer. Included in Figure 3-16 are also water-immersible cantilever
devices and devices where the bottom electrode is patterned for contact pad separation. It
is observed that the PZT quality decreases with increasing electrode size - a reasonable
explanation would be increasing particle contamination with increasing electrode size.
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Figure 3-16: Measured dielectric constant for various electrode sizes for a single wafer. Figure
courtesy of Y.-B. Jeon.

3.2.2 Water-immersible active cantilever characterization

A design with water-immersible piezoelectric cantilevers was included in the fabrication. To
protect electrical short between the top and bottom electrodes in a liquid, an encapsulated
design for the PZT is used as illustrated in Figure 3-17. In this design, the top electrode
and a segmented portion of the bottom electrode encapsulate the PZT film area (as shown
in the top view with the dotted lines). Thus, water is not in contact with the PZT film nor
the bottom electrode.



3.2. ELECTRICAL CHARACTERIZATION 67

Top view immersible cantilever region »

>

(2)

A’ (b)

f

=
e
— =
]

t
/

(d)
PZT top electrode

bottom electrode o
. ()
* [E—
: — -
: ®
° e

Section A-A’ (side view)
Figure 3-17: Left: Design schematic of water-immersible piezoelectric cantilever. Right: Side
profile of fabrication process. Figure courtesy of Y.-B. Jeon.

The fabrication process is identical to that illustrated in Figure 3-1, although the side
profiles are different. In this process, the regions where the bottom electrode is opened with 2
pum gaps (such that PZT is in direct contact with the diffusion barrier) have different material
properties after annealing due to inter-diffusion of Si into the PZT. An AFM image of this
region was shown previously in Figure 3-5a. Nonetheless, the overall electrical properties
of the PZT film is excellent. This is shown in Figure 3-18. The saturation polarization,
remnant polarization, coercive field and dielectric constant are 54 uC/cm?, 15 uC/cm?, 60
kV/cm and 1200 respectively. The properties are almost the same in air and water. The
polarization properties of the PZT film dropped to approximately 72% of its initial value
after 2 x10%° cycles at 5 V (with each cycle a 19.6 us rectangular pulse). In water, however,
the PZT film degraded earlier, dropping to approximately 80% of its initial value after 1.5
x10? cycles and failed after 5.1 x10° cycles. A reasonable cause of failure is the diffusion
of wafer through the 200 nm Pt layers to the PZT, causing electrical short between the
encapsulated top and bottom electrodes.

Underwater applications following this proof-of-concept include water-immersible pres-
sure sensors, water-immersible cantilever actuators for Scanning Transmission Microscopy



3.3. DEVICE DEMONSTRATION - MECHANICAL 68
60 & 1004 q
40 o2t E \Q\Q:Q:ng,,,,,, ]
—&—|n air S 80 — \9 7,9
o —O— In water o] .Tg j e
§ 27 ndl UU £ o 80% after 1.5E9 cycles
S E ]
3 o] \
e 01 n g 72% after 2E10 cycles
o ] Q
K 6’56 2 409
N .20 : 2
© o
E § 20 —&— |n air
07 ] —O— In water
-60 - § 09 5V-19.6ps-rectangular pulse-train ©
T+ 1 T T r 1 T T LU kLI L I I L
20 15 10 -5 0 5 10 15 20 10 10° 10° 107 10° 10° 10"

Applied voltage (V)

Fatigue cycles

Figure 3-18: Polarization properties of PZT film in air and water: (a) hysteresis characteri-
zation, (b) fatigue analysis. Figure courtesy of Y.-B. Jeon.

and biomedical devices. Packaging in this device is more involved so as to prevent water leak-
age to the contact pad regions of the cantilever. Future development on this work involves
modifications to the current design to improve actuator lifetime in water.

3.3 Device Demonstration - Mechanical

For nanometer measurements of the double-anchored membrane mechanical motion, the
Computer Microvision [34] metrology tool is used. A laser vibrometer is used to characterize
mechanical resonance and noise. The deflection of the membrane is also visually observed
under bright-field illumination of an optical microscope.

3.3.1 Membrane and cantilever deflections

Under a 120X optical microscope, deflections of the double-anchored membrane and free
cantilever can be visually noticed for different actuation voltages. The probe station setup
with a double-anchored membrane design is illustrated in Figure 3-19. The bright region in
the center of the figure is the diffractive grating region. Figure 3-20 shows the setup with a
free cantilever, where unbalanced residual stresses resulted in uneven flatness at the gratings
region.

Multiple-cycle experiments were also performed on the double-anchored membrane to test
for fatigue failure. The devices were tested up to 4.52 x 10? cycles and showed no mechanical
fracture. The applied voltage was cycled at 8 kHz, below the first modal resonance, and with
a b V peak-to-peak amplitude.
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Figure 3-19: Probe station setup with a completed double-anchored membrane design. The
bright region in the center of the figure is the diffractive grating region.
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Figure 3-20: Probe station setup with a completed free cantilever. Uneven flatness in the
gratings region, due to unbalanced residual stresses, can be visually observed.
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Geometry Design I Design I
PZT length, L (um) 450 200
PZT thickness, t,.: (um) 0.51
grating aperture length, L, (um) 300
membrane thickness, ¢,,em (pm) 0.4
membrane width (um) 300
Performance
ds3; coefficient, inferred (pC/N) -100 £+ 15
dss coefficient, direct measurement (pC/N) 275.4
g, relative dielectric constant 1200
minimum resolvable grating period change (nm) 0.6
grating period change (nm) 83at9V 49 at 10V
membrane strain 0.21% at 9V | 0.12% at 10 V
diffracted angular change at 10 V (urads) 486 154

Table 3.1: Analog Piezoelectric Tunable Grating Parameters.

3.3.2 Microvision analysis

Direct measurement of the membrane strain deformation when actuated by the thin-film PZT
microactuators require an instrument with nanometer resolution. A metrology tool developed
at MIT for MEMS devices — the Computer Microvision system [34] at the Freeman lab —
has such capabilities. This instrument reconstructs three-dimensional images of microscopic
targets using the optical sectioning property of a light microscope. Interferometry capability
with coherent laser illumination is also possible. The collected images are post-processed
and combined to analyze the target in all six degrees of freedom, with nanometer resolution
for displacements.

Measurement of a device, with Design I (450 um PZT length), demonstrated a 229 + 2
nm total membrane displacement at 9 V. By tracking the displacements of individual grating
beams, an average period change of 8.3 nm (0.21% membrane strain) at 9 V actuation is
observed. This translates into an expected diffracted angular change of 328 urads for our
fabricated device parameters. A device, with Design I (200 pm PZT length), shows a 4.9 nm
period change at 10 V (corresponding to 0.12% membrane strain and an expected 194 prads
diffracted angle change). The period change at 1 V for both devices is approximately 0.6
nm, calculated from total membrane displacement. As summarized in Figure 3-21, both
experimental device measurements are in good agreement (correlation coefficient p ~ 0.9)
with a single analytical formulation for a ds; coefficient of approximately -100 + 15 pC/N. A
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consistent set of material properties is used in the analytical model to define both theoretical
plots of Figure 3-21. In addition, an independent measuring method — using the pneumatic
loading method [72] — is carried out by Dong-Guk Kim? to characterize the PZT film. The
measured dzz value is 275.4 pC/N. While the exact ds; is uncertain from the pneumatic
loading method, taking typical ratios between ds3 and ds; in PZT materials, we estimate a
d3; of approximately -115.7 pC/N from the d33 value. This falls within our estimate of the
d3; from analytical modeling and Computer Microvision measurements. These results are
summarized in Table 3.1.

10

O  Microvision measurement (Device |, L =450 um)

¢ Microvision measurement (Device Il, L =200 um)
84 oo Analytical theory (L = 450 um) '
—— Analytical theory (L =200 um)

.
P =0.896

Averaged period change (nm) .

0 2 4 6 8 10
Applied voltage (V)

Figure 3-21: Measured period change against applied voltage for two different device designs.
Both results match with the analytical model for a single set of material properties and with
a single fitted ds; coefficient at -100 pC/N.

The membrane strain demonstrates an average uniformity percentage of 16%, calculated
as the ratio of the standard deviation of the membrane strain to the average membrane strain,
over 40 measurements in different regions of the grating. This is shown in Figure 3-22, with
the error bars depicting the maximum and minimum values. The uniformity variation is due
to membrane thickness variation and anchor asymmetry in the double-anchored structure,
after membrane release. This mechanical non-uniformity is averaged out in the diffracted
optical spectrum, although there is a corresponding spatial spreading of the energy in each
diffracted order. In designing specific optical systems, therefore, the angle of acceptance

3At the Korea Advanced Institute of Science and Technology.
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Figure 3-22: Uniformity of membrane strain under actuation. A uniformity variation of 16%
(defined as the standard deviation over the averaged value) is measured. The error bars
depict the maximum and minimum values of the measurements.

10

should be sufficiently large so that the bulk of the diffracted order of interest is captured.
The PZT polarization-electric field hysteresis response, due to domain reorientations, is
observed during -10 V to +10 V actuation, with a non-zero membrane displacement at 0 V.
The result matches the PZT film electrical characterizations. For compensating hysteresis
and piezoelectric strain drifts, a mechanical latching mechanism or an active feedback control

loop would prove useful.
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3.3.3 Vibration and noise characterization

Dynamic response of the double-anchored membrane is measured [139] with a laser Doppler
vibrometer which conceptually operates by detecting the frequency shift of the back-scattered
laser to determine the velocity of a vibrating object. The device chip is placed on a piezo-
shaker and the frequency response is illustrated in Figure 3-23. The first modal resonance,
out-of-plane bending, is determined at 14.1 kHz. The low quality factor @ [131] is due to
the large membrane area (widths of 300 um and lengths of either 800 or 1200 gm). The
membrane displacements under a 14.1 kHz excitation frequency is shown in Figure 3-24.
The figure segments show the displacements for different time-steps of one oscillation.

First modal resonance

Magnitude (dB)

10° 10° 10"

20k ‘ ‘ T ‘ T -
40+ i
60 i

-80 i
-100 First modal resonance |

-120 N
-140 B

-160

Phase

Ll L L L P S R S T | ‘
10° 10° 10

Frequency (Hz)
Figure 3-23: Dynamic response of double-anchored membrane, with first modal (out-of-plane
bending) resonance at 14.1 kHz.

In addition, we compared the frequency response between a released membrane and an
unreleased membrane with the laser vibrometer. Figure 3-25 shows the responses for the
devices, where Device 1 and 2 are released membrane devices and the static grating device
similar to Device 1 and 2, except that it is not released by KOH etching. Up to the first
modal resonance, there is no discernable difference within the resolution of the instrument.



3.3. DEVICE DEMONSTRATION - MECHANICAL 74

~

I1I.

Figure 3-24: Double-anchored membrane displacement under 14.1 kHz excitation. The figure
segments show the displacements for different time-steps of one oscillation.
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Figure 3-25: Comparison of deformable membrane against an unreleased grating device, for
characterization of ambient noise floor effects. Up to the first modal resonance of 14.1 kHz,
there is no discernable difference within the resolution of the instrument.
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3.4 Device Demonstration - Optical

For optical measurements, the device is either packaged by wire-bonding onto a pin grid
array chip (such that the chip can be placed perpendicular to the optical bench) or mounted
horizontally onto a probe station with optical beam deflected down towards the probe station.
A schematic of the setup is depicted in Figure 3-26. A 632.8 nm HeNe laser was utilized as
the illumination source and the diffracted order imaged onto a CCD camera. A telescope can
be included to magnify the diffracted angular change. To determine shift of the diffracted
order for various actuation voltages, an image centroid method is used, where the centroid
X, and Y, of the tracked image distribution is computed simply as:

2 @il
> Yili

where z; and y; are spatial coordinates of intensity profile I;. Thresholding is used to improve

the image tracking*. Fourier correlation could also be used to differentiate between image
shifts [4].

HeNe laser

spatial filter = @
collimator === CCD camera

pin-hole —

collimating lens
//telescope

Tunable diffractive grating chip
mounted on probe station chuck

Figure 3-26: Schematic of setup for optical centroid measurements.

4A more formal thresholding method involves searching through all available threshold-levels and looking
for minimal centroid variance [2].
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Figure 3-27: First order diffracted angular change against applied voltage obtained by optical
image centroid processing and mechanical motion measurements. The optical measurement
is corrected for tilt in the membrane through the finite-element mechanical model and is the
main source of uncertainty.

Figure 3-27 shows the first diffracted order angular change by applying voltage to one of
the two device actuators, for a device with Design I parameters. This angular change is then
corrected for tilt in the membrane, via the matched finite-element model described in Section
IT, when only one of the two actuators is employed. Uncertainty in the optical measurement
is largely due to numerical accuracy of the finite-element model correction. This is calculated
to be a fixed percentage — at 13% — for a 1% uncertainty in the finite-element model. Other
sources of uncertainties, such as membrane rotation due to asymmetrical membrane lengths
from device release and thermal disturbances, also contribute to the error bars shown in
Figure 3-27.

Comparisons between the optical image centroid processing, mechanical membrane de-
formation measurements, and theoretical predictions show agreement within 15%. At 10
V, the angular change is estimated at 486 purads for this device. A device of Design II
shows a correspondingly scaled diffracted angular change of 154 urads at 10 V. The system-
atic error between the optical and mechanical measurements is due to uncertainty in the
finite-element results; a more computational expensive finite-element model could conceiv-
ably reduce this systematic variation. This comparison between the mechanical experiments,
optical measurements and theory, nonetheless, shows the fine control of the diffracted an-
gles at low actuation voltages and suggests possibilities for implementation towards specific
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applications, such as discussed earlier in Section 2.4.

Future work includes microfabrication control of the residual stress in the thin-film piezo-
electric and diffusion barrier materials to reduce out-of-plane motion and tilt, and the intro-
duction of mechanical latches to maintain fixed displacements over time. Further possibilities
in the optical detection techniques involve: (1) an interferometric setup with two frequen-
cies onto the grating to detect shifts in the fringe pattern when the device is actuated, (2)
simultaneous capture of first and second order diffraction images to eliminate tilt effects by
taking the difference between the two orders.

3.5 Summary

This chapter begins with the thin-film piezoelectric microfabrication and the integrated pro-
cess flow for the analog tunable gratings. This is followed by electrical measurements —
which shows an excellent dielectric constant of 1200 — of the film, including a characteri-
zation for water-immersible active cantilevers. The released double-anchored membrane is
characterized mechanically for its grating period displacement under actuation and its fre-
quency response. The device is then characterized optically to infer the motion of the first
diffracted order under actuation. Future work is discussed, such as thin-film residual stress
control or the introduction of mechanical latches to maintain fixed displacements over time.
Applications of this demonstration of analog tunable gratings include dispersion compensa-
tion, miniaturized spectrometry and tunable external cavity lasers amongst the many.






Chapter 4

Design Of Strain-Tunable Photonic
Band Gap Microcavity Waveguide

You might discover after a bit, for example,

that when there’s only one bishop around on the board

that the bishop maintains its color. Later on you might

discover the law for the bishop as it moves on the diagonal

which would explain the law you understood before. . .

Then things can happen, everything’s going good,

youve got all the laws, it looks very good,

and then all of a sudden some strange phenomenon occurs in some corner.
—R. Feynman, The Rules of The Game (1981).

4.1 Background

The ability to mold the flow of light [62] with photonic band gaps was first suggested in
1987 [161, 63] and has since seen numerous work and applications. These spatially periodic
structures consist of high dielectric contrast media, wherein absorption is minimized and
scattering designed at the interfaces, to produce many of the same phenomena for photons
as the atomic potential does for electrons. These characteristics are theoretically captured
exactly through Maxwell’s equations. Such structures can be broadly categorized into one-
dimensional, two-dimensional and three-dimensional structures.

One-dimensional photonic crystals have current implications in both research and indus-
try. An interesting example is an all dielectric coaxial hollow waveguide that, through light
confinement with a photonic band gap in a one-dimensional dielectric reflector [18], can over-
come the problems of polarization rotation and pulse broadening in optical light transmis-
sion [58]. A schematic of the design was illustrated earlier in Figure 1-3a. Two-dimensional
photonic crystals, typically consisting of holes or rods in a plane with index-guiding in the
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third dimension, have applications such as channel add/drop filters for wavelength division
multiplexing communications, zero-loss waveguide bends, low-loss waveguide crossings, or
low-threshold microlasers (Figure 1-3b). Three-dimensional photonic crystals, typically in
a face-centered cubic diamond lattice (till date), have been designed and experimentally
demonstrated. They have band gaps at 10 ym and 1.5 pm wavelengths, and have been
made in both high contrast dielectric material (usually) and metal [97, 31, 114, 30]. A par-
ticular three-dimensional structure has been designed (Figure 1-3c shows a schematic of the
structure) and fabricated [120] at MIT.

Our interest is in a low-dimensional photonic crystal — the microcavity waveguide, as
shown in Figure 4-1 — that rests on the foundations first reported by Foresi, Fan and
Lim [33, 27, 94]. The periodic structure, in this case circular holes, is embedded within a
dielectric slab waveguide. This periodic array not only limits the wavevector to 7/a, where
a is the spatial period, but also folds the dispersion relation of the waveguide and splits
the lowest-order mode. This splitting produces a band gap. The size of the band gap is
dependent on the dielectric contrast; for an air-cladded Si waveguide on a SiO, layer, the
band gap is ~ 27% of the midgap frequency. A defect, termed the “microcavity”, is then
created by increasing the distance between two holes at the center of this periodic structure.
This allows localized states to be supported in the photonic band gap. It is also this break
in periodicity, rather than a break in the vertical mirror symmetry, that causes radiation
losses (in ) at the defect. The set of holes on each side of the microcavity effectively forms
a Bragg mirror. Its response is analogous to a Fabry-Perot resonator or tunneling through a
double potential barrier, although its strong field confinement gives a cavity modal volume

of 0.055 pm?® [33], less than half a cubic half-wavelength (5 (%)5)

Applications for the microcavity waveguide include new photonic chip architectures and
devices, such as filters, signal routers and all-optical gallium arsenide! switches. In particular,
we are interested in a silicon implementation? for integration ease with current integrated
circuit foundries.

The motivation for a strain-tunable silicon microcavity waveguide, as first described in

Chapter 1 (Section 1.1), can be briefly summarized here as follows:

1. The demonstration of strain-tunability in silicon microphotonics, which has vanishingly
small electro-optic nonlinearities for modulation.

2. The demonstration of tunability with low power requirements, on order of 10 nW and
5 V, with use of piezoelectric actuators for strain-tuning.

3. The demonstration of strain-tunability® in silicon photonic crystals.

'Requiring galliuim arsenide, an all-optical reflection switch for ultrashort pulses has been proposed
theoretically for a similar structure to the microcavity waveguide discussed here, but with a asymmetrically
confined defect [86].

2Will silicon show stimulated emission and optical gain sufficient for a silicon laser? There is an elusive
possibility [38, 118].

30ther general methods for tunability in photonic crystals were described in Section 1.3.
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1:si, memds

Figure 4-1: Schematic of microcavity waveguide.

4. The possibility of modulation frequencies on order of MHz and device-level localization
of tunability, in comparison with current techniques of thermal tuning and compensa-
tion.

Specific applications for the tunable microcavity waveguide range from dynamic reconfig-
uration of the resonant optical filters to correction of fabrication mismatches in optical
communication devices.

4.2 Strain-tuning Platform For Microphotonics

The conceptual design consists of a deformable double-anchored membrane supporting opti-
cal elements, as illustrated in Figure 4-2. This strain-tuning platform is general for micropho-
tonic components. The membrane itself is actuated with thin-film piezoelectric actuators
and is previously described in Section 2.1 and 2.2 for analog tunable diffractive gratings. The
thin-film piezoelectric actuators could operate in d3; mode (which would consist of a tri-level
of Pt top electrode, PZT film and Pt bottom electrode) or ds3 mode with a inter-digitated
Pt top electrode, PZT film and ZrO, tri-layer. The membrane is on order of thickness as
the PZT film, a micron or less, and made up of material* with sufficient limiting strain

4Examples of membrane material explored here are Pt, Si, or a Si and SiO, combination.
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in the desired spatial modulation range. Possible microphotonics components include mi-
crocavity waveguides, microring resonators, arrayed waveguide gratings, and Bragg grating
waveguides.

micro racetrack
resonator

thin-film piezoelectric
actuator with Pt/T1i top
and bottom electrodes

base anchor

S1/S10, deformable membrane
(double-anchored)

Figure 4-2: Strain-tuning platform for microphotonics. Consisting of thin-film piezoelectric
actuators and a double-anchored membrane, this design is general for various microphotonic
components of interests.

The in-plane membrane strain, in the direction along the length of PZT, is profiled in
Figure 4-3a. In particular, the strain distribution illustrated is for a design with PZT length,
L., of 250 pm and total membrane thickness of 0.5 ym, comprising of 0.1 pm Si (¢g; mem)
and 0.4 pm thermal oxide (ts,0,2). For an actuation voltage of 10 V in this design, the strain
at the center of the membrane is 0.12%. Figure 4-3b shows the membrane strain against
varying total membrane (tg;mem + tsio,,2) thickness. The strain decreases with increasing
total membrane thickness and asymptotes around 0.04% for a 2 pm thick membrane.
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Figure 4-3: Finite-element model of membrane strain: (a) in-plane strain profile, along length
of PZT, (b) variation of membrane strain against Si membrane thickness.

4.3 Concept And Design Of Microcavity Waveguide

Microcavities with photonic band gaps have been studied in literature. Microcavities us-
ing distributed Bragg reflectors and distributed feedback Bragg gratings have been re-
ported [163], although they typically have a larger modal volume and require large numbers
of grating periods for cavity confinement due to the weak index modulation. Deep gratings
for cavity confinement have also been analyzed and demonstrated, with lower transmission
and larger modal volume [82, 153] than the microcavity waveguide.

In contrast, the microcavity waveguide design permits: (1) modal volumes less than half
of a cubic half-wavelength, (2) high Q resonance on order of hundreds to a thousand, (3) sig-
nificant enhancement of spontaneous emission with the high Q and small modal volume [61],
and (4) total physical size of defect and holes on order of 4 pm for possible high-density op-
tical circuits. To understand the microcavity waveguide design, we begin with a discussion
of the dielectric slab waveguide.

4.3.1 Dielectric slab waveguide

To find the guided modes in a dielectric slab waveguide, we require: (1) Maxwell’s equations
(specifically the derived Helmholtz wave equation) and, (2) matching boundary conditions.
Maxwell’s equations, in complex time-harmonic form, are [109] :
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VxE = —jwuH (4.1)
VxH = jwueE+J (4.2)
V-cE Pe (4.3)
V-pH = 0 (4.4)

where E is the electric field, H the magnetic field, w the time-harmonic wave frequency, u
the medium permeability, and € the medium permittivity. J =0 and pe = 0 in the absence
of current sources and charges in our waveguide.

Taking the curl of Equation 4.1 and substituting into Equation 4.2 with J = 0, we obtain
a single equation for E as®

V x (6 X E) — w?ucE (4.5)

which can be quantized as an eigenproblem. Or expressed for the magnetic field H (F), where
we explicitly include the position dependence 7, as

=

Vox (=¥ x H(F) = (5)H(P) (4.6)

1
e(7)
And with V-E = 0 for piece-wise isotropic media or slowly varying e, the following Helmholtz
wave equation results from Equation 4.5

(V2 +wue)E =0 (4.7)

In particular, for wave guidance in a dielectric slab, we have from Equation 4.7 the following
dispersion relations

62_0532/ = WQ,U/‘goutside (48)

2 2 2
ﬁ +ky = W UEinside

where (3 is the propagation constant in the waveguide, vy, the decay constant in the evanescent
field outside the waveguide, k, the wave number in ¢, and eoytsige and €nsiqe the permittivity
outside and inside the waveguide medium respectively. Equation 4.9 is used to derive the
dispersion diagram — frequency against wave vector — if k, is known for each frequency w.
To find k, for each w, we need to match the boundary conditions. The dielectric slab is
symmetric in the x-z plane®, as was illustrated in Figure 4-1. The transverse electric field”
solutions (electric field polarized along X and transverse to direction of propagation z) are

5In a periodic media, however, it turns to be more convenient to use the magnetic field formulation as
described in Equation 4.6 [62].

6A general model for asymmetric waveguides is found in Kogelnik and Ramaswamy [78].

"The Goos-Hinchen phase shift at total internal reflection is larger for TM modes than TE modes [80],
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either symmetric or antisymmetric. Following discussions by Haus [44] or Kong [80], the
symmetric solution can be described as

E, = Acoskye ? |y < % (4.10)
E, = Be o ib2 y > % (4.11)
— B eayy 6_JﬂZ’ Y < % (412)

where w is the waveguide width. The respective magnetic fields can be found from Faraday’s
law (Equation 4.1). With symmetry in x-z plane, we need only to match boundary conditions
at y = §. Continuity of E,/H, at y = ¥ gives the following transcendental equation

tan kyd = 2y (4.13)

ky

Solutions for k, can either be found graphically or numerically. When the k, solutions
are combined with Equation 4.9, the dispersion diagram for a dielectric slab waveguide is
obtained.

4.3.2 The microcavity waveguide

The dispersion diagram for a microcavity waveguide, however, is more difficult to attain an-
alytically. However, the dispersion diagram, or band structure, of the microcavity waveguide
follows the same asymptotes as a dielectric slab waveguide. In the presence of the periodic
structure, the dispersion diagram could be thought of being folded at specific k-points (due to
repetition of k outside the Brillouin zone [77]). We refer to the MIT Photonic Bands pack-
age [68] for a numerical calculation, which computes the definite-frequency fully-vectorial
eigenstates of Maxwell’s equations in periodic dielectric structures for arbitrary wavevectors.
The microcavity waveguide band structure in the first Brillouin zone, is computed by John-
son [65] with the software and illustrated in Figure 4-4 for a structure without defect. In
the design of the band structure, we can employ the scale-invariance of Maxwell’s equations

which results from Equation 4.6. To illustrate this, we perform a change of variables "= g1
and V' =V/s [62, 128]

¥ x ( L g« ﬁ(f’/@) _ (i)zﬁ(f’/s) (4.14)

e'(r'’) cs

resulting in less confinement for the TM mode. In our waveguides, we are particularly interested in TE-like
modes.
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where s is a scaling factor. Because k£ and w have inverse dimensions of 7 and time ¢
respectively, they are transformed back to real space by the following

- ka wa

k'=— and w'=_-— 4.15

2m 2me ( )

With Equation 4.15, the band structure is plotted as a non-dimensional frequency (wa/2mc)
and non-dimensional k-vector (ka/27) with respect to lattice constant a. For operation at
1.55 pum wavelengths, a is on order of 0.5 pm; for operation at 5 um wavelengths, a is on
order of 2 pm.

0.5 o r e ;

TE-like mode
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Frequency (wa/2nc)
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Wave vector (ka/2m)

Figure 4-4: Band structure of dielectric slab waveguide with embedded holes. Computation
courtesy of Johnson [65, 68].

States above the light line are not index-guided by the dielectric waveguide, and form
a continuum of radiated modes. States below the guide asymptote are not allowed in the
waveguide. Selected states in-between these two asymptotes are guided — shown in Figure 4-4
as TE-like (electric field mostly in yz plane) or TM-like modes — and evanescent in & and .
A band gap can be observed between the first and second TE-like modes. The introduction
of a defect in the periodicity (such as increasing the amount of dielectric between two selected
sets of holes, breaking the translational symmetry) permits a localized state to exist in the
photonic band gap. This state is pulled down from the second TE-like mode into the band
gap. Conversely, reducing the amount of dielectric between two selected sets of holes will
push a state up from the lower band. Section 4.3.3 discusses the design of various parameters
in the microcavity waveguide.
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Device parameter Design dimension
waveguide width 1.19a
waveguide height 0.44a
defect length ay 1.50a
hole diameter 0.46a
oxide insulator thickness 0.44a
number of holes on each side of microcavity 4
refractive index silicon 3.48
refractive index silicon oxide 1.44

Table 4.1: Microcavity Waveguide Design Parameters.

The design parameters of our microcavity waveguide follows that suggested in Fan [27]
and Foresi [32] and are summarized in Table 4.1. The device structure is similar to that
of a hybrid between a “monorail” and an “air-bridge”. A “monorail” structure consists of
a microcavity waveguide on an oxide ridge, with the oxide fixed to the substrate; an “air-
bridge” structure has the microcavity waveguide cladded by air all around the waveguide
and is only suspended by two fixed ends of the waveguide. The transmission spectra of
both devices differ by less than 10%. The resulting transmission for a “monorail” structure,
computed by Johnson [65], is shown in Figure 4-5.

The peak transmission is 0.68 with resonance frequency at 0.2625 c¢/a. The transmission
has a first-order Lorentzian response, characteristic of a Fabry-Perot cavity in quarter-wave
shifted distributed feedback (DFB) resonators. To achieve desired Butterworth band pass
(“flat-top”) filter [110] characteristics, cascaded microcavity resonators can be considered,
such as developed for cascaded DFB resonators using coupled-mode theory in time [45]. The
total (), as further described in Section 4.3.3, is computed to be 180. Moreover, the ripples
in the calculated stop band is postulated to be from reflections off the waveguide input port
(at the computational boundary), output port, and the effective dielectric mirrors from the
two set of holes. At the band edges, there are larger numerical errors but we also expect
Fabry-Perot oscillations due to the low group velocity at the edges [65].
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Figure 4-5: Photonic band gap transmission spectrum of microcavity waveguide. Computa-

tion courtesy of Johnson [65].
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4.3.3 Design thoughts

The theoretical design and experimental demonstration is first discussed in detail by Fan [27],
Foresi [32] and Lim [94]. We summarize here the design considerations for reference.

Effect of geometry variations [27, 32]

aq/a ratio A quarter-wave phase shift with a4 at 1.5a gives the strongest resonant mode
confinement. This is analogous to a Fabry-Perot resonator, although the resonance
does not appear in the middle of the band gap (as in a Fabry-Perot) but displaced
towards the lower frequency band edge. Increasing the defect size, for a constant
lattice constant a, increases the resonant wavelength.

Number of holes Increasing the number of holes will increase reflectivity of the Bragg-like
mirrors; however, coupling into the cavity will also be reduced. It is also suggested,
by Foresi, that the increased microcavity radiation with increased number of holes
saturates after approximately four holes. A comparison of () against the number of
holes is discussed in Fan, and reiterated in Appendix B.2.

Having asymmetrical number of holes on both sides of the microcavity will affect the
input and output coupling into the waveguides. A reflection all-optical switch have
been proposed theoretically, employing this concept [86].

r/a ratio The size of the band gap depends on the ratio of the hole radius r to lattice con-
stant a, and also the dielectric constant of the waveguide material. For our waveguide,
the band gap is approximately 28% of the midgap frequency (taken at starting of band
edges®) for a r/a ratio of 0.46.

Reducing hole radius r will also increase the effective index of the photonic crystal.
This reduces radiation losses, though confinement in the microcavity is also reduced.
The number of holes can be increased for better confinement, although radiation will
yet again increase. There exists therefore a trade-off on microcavity confinement and
radiation losses.

Furthermore, reducing the hole radius r, or in general reducing the amount of lower
dielectric material (in this case air) with respect to the higher dielectric material, will
shift spectrum to lower frequencies. One can think of this as an “effective” refrac-
tive index — with less lower dielectric material, the effective refractive index increases,
pulling down the guide asymptote in Figure 4-4 and correspondingly pulls down the
defect state frequency.

8Taken at end of band edges, nearer to the resonance, the band gap is approximately 20% of midgap
frequency.
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Changes in the waveguide width w can be thought of along the same lines as the r/a
ratio. Reducing the width decreases the ratio of higher dielectric material to lower
dielectric material. The operating spectrum shifts to a higher frequency.

Waveguide thickness tg; The transmission spectrum is strongly dependent on the waveg-
uide thickness tg;. A 15% increase in thickness increases the resonance wavelength by
50 nm, and shifts the spectrum on the same order of magnitude. Again, one can use
an effective index concept to predict the trend. An increase in thickness increases the
effective index of the photonic crystal (for a microcavity waveguide made of higher
dielectric material than its surroundings). Referring to Figure 4-4, the “guide asymp-
tote” line shifts down for a higher effective index, and the states correspondingly shifts
downwards. The result is a lower frequency, or a longer wavelength, transmission.

Total () and radiation ()

The total quality factor () is a measure of the losses in a resonator cavity — in general terms,
it is the power stored in a cavity divided by the power dissipated from the cavity. This is

described as [164]
wo

Q= (4.16)
where w, is the center resonance frequency, E the stored energy in the cavity, and P = %

is the dissipated power. This translates to a resonator supporting () oscillations before its
energy decays by a factor of €™ (~ 0.2%) of its original value. It is a measure of the total
lifetime at which light leaks out of a cavity. For a Fabry-Perot, @ is represented as [44]

27v/Rnl cos 0 B A

_ = = — 4.1
QFabry Perot (1 — R)/\ S\ ( 7)

where R is the mirror reflectivity, [ the cavity length, € the incidence angle with respect to
mirror normal, A\ the center wavelength, and d\ the full width wavelength at half-maximum
(FWHM). The definition of @) as the ratio of center wavelength A and FWHM 6\ is conve-
nient in experimental characterization (with @ on order of several hundreds), given the high
resolution in wavelength measurements for d\. We will use this method for experimental
determination of ), as measured in Section 5.2.4 (page 120).

Light in the microcavity can leak into air or into the waveguide, and hence (@) is related

to its subcomponents by
1 1 1

Q@ Qu
where radiation @), is the lifetime for light leaking into air and waveguide @), is the lifetime
for light leaking into the waveguide. (), is an intrinsic property of the structure geometry,
affected primarily by the broken translational symmetry rather than the broken mirror sym-
metry. In analogy with a Fabry-Perot, ) increases exponentially with increased number of

(4.18)
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holes (which increases the reflectivity R). In addition, the peak transmission T at resonance

is described by ) )
(22 (-9) 19

For high T (and low loss), therefore, ), must be > @, or in other words, @ ~ Q.. For the
microcavity waveguide, @ is computed to be 180 [65].

Other thoughts

The microcavity waveguide is designed such that there is a large separation between the
fundamental resonant mode and higher order modes. Using the Fabry-Perot analog, the
small physical size of the microcavity (on the order of 0.6 to 0.7 um for operation at 1.55
pum wavelengths) pushes the frequency separation of the modes up to 60 - 70 THz or free
spectral range at 0.49 - 0.57 pm for normal incidence [44].

To further improve on the Bragg-like mirror reflectivities (and hence the @), the oxide
is further etched to extend the holes beyond the Si waveguide layer [27, 32]. This improves
the field overlap with the holes. This thickness, denoted as ts;0,, in Figure 4-1, is on order
of 0.3 pm.

In addition, absorption and scattering losses from actual waveguide material and fabri-
cation are important considerations. Single-crystal silicon waveguides have the lowest losses
(order of 10 - 30 dB/cm, depending on the Silicon-On-Insulator material and fabrication
conditions) compared to poly-silicon or nitride waveguides [93, 32]. The waveguide sidewall
roughness and top surface roughness are pertinent to determining the scattering losses in
the dielectric waveguide.

4.4 Perturbation Theory On Maxwell’s Equations For
Shifting Material Boundaries

General perturbation theory for electromagnetism can be found in literature [136, 107];
perturbation on the medium permittivity (d¢) and/or permeability (d4) can be found in [142].
However, perturbation on the step-wise linear dielectric surface boundaries suffers from the
following difficulties [66, 47]:

1. Since € is a step function, the electric field perpendicular to the interface is discon-
tinuous such that the first-order expansion of the electric field is finite even for an
infinitesimal perturbation parameter Ac.

2. Casting the problem in the magnetic field formulation, where magnetic fields are con-
tinuous, however, encounters another issue. The operation V x H is also discontinuous
and not first-order in Aa.
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3. We can finally transform the coordinate system such that the boundary moves; how-
ever, such transforms are cumbersome to apply for arbitrary surfaces.

The perturbation analysis in this Section is anchored from a general method proposed
by Johnson et. al. [66] — using a limit of systems with anisotropic smoothed boundaries. We
summarize here the derivation and methodology before presenting our perturbation results.

The single formulation for electric field, Equation 4.5, can be thought of as an eigenprob-
lem with basis-independent ket states |E> following Dirac’s notation [24]. For a small per-
turbation Ac, we expand eigensolutions |E> as |[E>= 30, |[E™> and w as w = 320, w™
[19], where |E©®> and w(® is the unperturbed eigensolution. The first-order perturbation in
the limit of infinitesimal A« is expressed in the below exact expression

dw o <E(0) de E(0)> L0

da 2 (EO| ¢ EO) (420)

This is the Hellman-Feyman theorem [19]. Taking higher-order derivatives of both the

eigenvalue and eigenfields, we can similarly extract exact expressions for higher-order per-

turbation. The top integral on the right-hand side of Equation 4.20 is a surface integral over
the interface (including the perturbation) described as

<E(0)

The bottom integral is a surface integral on the unperturbed solution.

To evaluate the top integral for step-wise dielectric boundaries, however, the disconti-
nuities mentioned above appears. To get around this problem, Johnson et. al. proposed a
smooth transition between boundary of the two materials, €1 and €5, and then taking the
infinitesimal limit of the smoothing transition. The smoothing is anisotropic (following the
idea of an “effective” medium) and described by an dielectric tensor

£(x)
es(w) = g (4.22)

g

%
da

E<°>> = /dAg—h(gl — &) [EO2 (4.21)
(6]

where ¢ is from an isotropic smoothing for EII (in-plane of interface) and & a harmonic mean
smoothing for E| (perpendicular to interface plane). & is defined as [66]

g(x) = /gs(x — ') e(a)dx’ (4.23)

where g, is a smoothing function around x = 0 that goes to a Dirac delta function as s — 0.
This gives de/dh = (g1 — €3)gs(x — h). In addition, € is defined as

)= /gs(m — ') e(2") o (4.24)
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This gives d&/dh = —&(x)%(e7" — €3") gs(x — h). The combined contribution of both & and

¢ for <E(0) j—z E(0)> gives, after some algebra, the following
< E©

dh

E<O>> —qa /dx
da

where Acjy = &1 — g9 and A(ely) = 7' — &', The fact that ek, (= ﬁl) is continuous

now gives a well-defined result for s — 0. Taking this limit, we have

7O %] b0\ _ / a4 &
da

This permits us to evaluate first-order perturbation on shifting material boundaries, given
that we know: (i) E‘ﬁo) and D'”) at every location of interest and, (i) dh/do at the interface
of interest. We proceed to derive the fields at every location of interest (Section 4.4.1), and
compute dh/da analytically as described in Section 4.4.2. An overview of the computational
scheme is illustrated in Appendix B.3 (Figure B-3). For higher-order perturbation and
non-waveguide problems, careful selection of the basis expansions are required [66]. This
first-order perturbation method is general and can be applied to cases such as adiabatic

coupling, surface roughness and tapered waveguide geometries.

deg
da

JANGD ‘EF‘O)‘Q — Aley) éf}(f)r

gs(x — h) (4.25)

Aélg ‘Eﬁo)‘z — A(€1_21) ’[_))(LO)‘Z

(4.26)

@
do

4.4.1 Finite-difference time-domain results

The general procedure for finite-difference time-domain computations involves approximating
Maxwell’s equations in real space using finite difference discretization, imposing appropriate
boundary conditions, and then explicitly stepping forward in time [85]. While this method
tends to be more numerically accurate than an effective index [142] or beam propagation
method [54], it is typically computationally expensive. We thus employ a relatively coarse’
3D FDTD computation performed by Johnson [65] and interpolate the fields between the
calculated nodes. Moreover, with the interpolated FDTD, we can now find the E-fields at
specific locations, such as along the circular hole boundary, as required by Equations 4.20
and 4.26. An example of the interpolation is shown in Figure 4-6 for five interpolated
points between the FDTD calculated nodes. This example is also on one unit cell of the
photonic crystal waveguide for E,.q; s , the E-field (real) in the Z direction (along waveguide
propagation). When repeated for the whole photonic crystal and using 40 interpolated points
between the FDTD calculated nodes, the E, ., ; is illustrated in Figure 4-7. There is strong

confinement at the cavity — the modal volume is 0.055 pym?® [33], less than half a cubic half-

3
wavelength (% gﬁ) ). There is also a node at the center of the cavity, as expected from the

2
pulling down of the state from the second band.

9Discretization is at 10 pixels per lattice constant a.
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This result is then used to find the Ej and D, profiles along the circular hole boundaries,
as illustrated in Figure 4-8. The horizontal axis is the discretized points (total of 360) along
the hole circumference. These profiles are then used to compute the first-order perturbation
from shifting material boundaries, with the results summarized in Section 4.4.3. We now
proceed to determine the shift in the material boundary for a given perturbation: dh/da.

Exr-field strength
o

20

y coordinate [arb units] x coordinate [arb units]

30

40

Figure 4-6: Interpolated E, .4 s field for one unit cell of the photonic crystal waveguide. The
columns are from a coarse 3D FDTD computation by Johnson [65]. The interpolated result
is the surface defined by the columns.
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Figure 4-7: (A) Unperturbed interpolated E,.q ; field (color plot) at middle slice of waveg-
uide, (B) Energy density distribution (color plot) at same middle slice. Design parameters
are ag = 1.50a, w = 1.19a, tg; = 0.44a, air-cladded Si “air-bridge” waveguide, and with 4

holes on each side of cavity. Resonance found at 0.2625 ¢/a and @ at 180.
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Figure 4-8: Example of interpolated Ej and D, profiles along one hole circumference of the
photonic crystal waveguide. The z-axis is the discretized points (total of 360) along the hole

circumference.
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4.4.2 Mechanics of circular hole deformation

To determine dh/do we require the material displacements (dh) for each applied perturbation
(da). Our problem resembles the hole-in-a-plate scenario in elasticity theory. Beginning with
the stress components reported in literature, we will derive the material displacements from
material compatibility and Hooke’s constitutive equations for elastic plane stress.

Specifically, the stress function in polar coordinates is of the following form for circular
holes in plates [145]

1
o= (Ar2 + Br* + C’r—2 + D> cos 20 (4.27)

where A, B, C' and D are integration constants determined from boundary conditions, and
r the radial location from hole center. We note that the stress function is assumed free
from discontinuities. The stress function provides the following normal and shear stress
components when the integration constants are determined

100 1 0% S a? S 3a*  4a®
T T N T 4.2
or r or + r2 002 2 ( r2 * 2 * rt 72 (4.28)
P?¢ S a? S 3at
7 _W_§<1+ﬁ>_5<1+r—4)00829 29
19 1 9% S 3a* | 2a%\ .
-9 - =2 (1-2 4+ 2% )sin2 4.
™ T390 raron 2 ( T s (4.30)

where o, is the normal stress in the radial direction 7 as illustrated in Figure 4-9, oy the
normal stress in the circumferential direction 6, 7,4 the shear stress, S the uniformly applied
tension magnitude, and a the hole radius.

<« >
V,O ~
ek
N\
“« 0 >
S a \_/ L, S
< - —»

Figure 4-9: Nomenclature of circular hole deformation.

The above stress components are related to strain components through Hooke’s consti-
tutive equations for plane stress. The strain components, in turn, gives us the material
displacements (through the compatibility equation for elastic deformation within a body, i.e.
without cracks or overlaps) as

0
8_171: = (0, — voyg) (4.31)

1
& = —=
E
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u  Ov 1

- + @ = & = E (00 - VUT) (4‘32)
ou OJv v 1

@‘Fg—;: o = 5 T (4.33)
where u is the material displacement normal to interface, v the material displacement tan-
gential to interface, €, the 7 strain, 4 the 0 strain, 7,9 the shear strain in f@, E the Young’s
modulus, GG the shear modulus, and v the material Poisson ratio.

We substitute Equations 4.28 — 4.30 into the above equations. After some algebra, we
simplify the resulting second-order ordinary differential equation (that has 40" terms) taking
the hint that the material displacements should be free from discontinuities. Boundary
conditions of v = 0 at # = 0 and uw = 0 at § = 7/4 are used. The solution of the material
displacements v and v is derived to be of the following form

1[8 4 4a? S 4
v =z 5(1—a—3+i>(30829+%(1—(1—3)(30829] (4.34)
T r T
r[S L 3a*\ sin 26 n vS . 3a*  4a?) sin20 n
v —= — | — _— _ —_— _— —
E |2 rd 2 2 r4 72 2
1[8 a*  4a?\ sin20 vS a*\ sin 20
— = (1= =+ — — (1 - —= 4.
E_2< r3+ T) 2 +2 ( 7“3) 2 ] (4.35)

u and v from Equations 4.34 and 4.35 are partial components of h in Equation 4.26 at each
applied perturbation S (or a in Equation 4.26) for every location (r,6) in each unit cell of the
photonic crystal waveguide. (To find A completely for the entire photonic crystal waveguide,
we also included translation at each of the holes and at the defect to get the final results
of Section 4.4.3.) While our scenario would be most accurately described with a possible
“hole-in-a-bar” model due to the width of the waveguide approximately three times the hole
diameter, the hole-in-a-plate scenario provides an estimate with discrepancies expected on
order of ten percent '°. The discrepancies can also be thought of being reflected in the
numerical coefficients of the stress function (Equation 4.27), while the general form of the
stress function is preserved.

Figure 4-10 shows the resulting shape of the hole under a non-dimensional (S/F) applied
stress of 0.2; Figure 4-11 shows displacements u and v for the same applied stress. With
the hole displacements obtained, we can thus proceed with computing the effect of strain
perturbation on the microcavity waveguide.

0With a width four times of the hole diameter, Timoshenko estimates an error of 6% using the hole-in-
a-plate scenario [143]. The error is because the boundary conditions are based on Saint-Venant’s principle
that the change is negligible at distances large compared to the hole radius.
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Figure 4-10: Shape profile of holes under perturbed non-dimensional stress (S/E) of 0.2 .
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Figure 4-11: Hole material displacements for perturbed non-dimensional stress (S/FE) of 0.2
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4.4.3 Perturbation analysis

We started by computing the top integral described by Equation 4.26 : the interpolated E
field and D; FDTD profiles along the circular hole interface is described in Section 4.4.1,
and the material displacements on a hole for a given perturbation « (or applied stress S) is
analyzed in Section 4.4.2. To account for the entire photonic crystal waveguide, we include
translation, in addition to ellipticity, of the microcavity and holes with zero displacement
at the center of the microcavity due to symmetry. This is evident in Figure 4-12. h is
thus found. dh/da is then obtained by taking the numerical derivative at each a. We
now include both dh/do and the interpolated Ej and D, profiles through Equation 4.20 to
compute dw/da.

Translation and ellipticity of
microcavity and hole boundaries

Field strength [a. u.]

>l

80

150
40 100

y-coordinate [a. u.] x-coordinate [a. u.]

0 o0

Figure 4-12: Schematic depicting the summation over the entire photonic crystal waveguide.
Translation and ellipticity effects of the microcavity and holes are both required. The field
plotted is E, (real) at the middle slice of the waveguide.

2D computation The change in the resonant wavelength against the mechanical strain,
for the various mechanical strain effects, is summarized in Figure 4-13 for a 2D computation.
Positive strain denotes tension in the photonic crystal. The 2D computation is taken at the
middle slice (in the Z direction) of the microcavity waveguide. The change in resonant
wavelength is divided into the mechanical strain effects due to: (1) change in defect size, (2)
change in lattice constant (hole position shift), and (3) ellipticity of the holes. Both changes
in the defect size and the lattice constant contribute positively to the change in resonant
wavelength. The elliptical nature of the holes contributes negatively to the net wavelength
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shift. Moreover, as expected, the wavelength change is linear with respect to the applied
strain due to the small perturbation of less than 0.5%. For a +0.2% strain (tensile), a 6.50
nm (0.56%) increase in the wavelength is expected for resonance at 1.55 pm.

15.0

¢ defect
o defect + hole shift
10.0 | —*—defect + hole shift + ellipitical| 1

5.0 .

Change of resonant wavelength [nm]
o
o
<

-15.0
-0.20 -0.10 0.00 0.10 0.20
Mechanical strain (percentage)

Figure 4-13: Change in resonant frequency against mechanical strain for 2D perturbation
computation. The mechanical strain effects is divided into: (1) change in the defect size, (2)
change in the lattice constant, and (3) ellipticity of the holes. For a +0.2% strain (tensile),
a 8.67 nm (0.56%) increase in the resonance wavelength is expected.

3D computation A full 3D computation is next performed. Likewise, both changes in
defect size and lattice constant contributes positively to the resonant wavelength change,
while ellipticity reduces the net effect. For a +0.2% strain (tensile), a 8.46 nm (0.55%)
increase in wavelength is expected for resonance at 1.55 pym. Comparison between the 2D
and 3D computations has only a 2.4% difference in the net resonant wavelength change,
although the contributions by each of the mechanical strains effects are different. In the
2D computation, change in the lattice constant is a large contributing factor; in the 3D
computation, the strain at the defect plays a major role as expected from a Fabry-Perot
analogy. As expected from the Fabry-Perot analogy'!, the resonance changes to longer
wavelengths for positive (tensile) strain since the major effect is from the defect length.

I Another way to think about the increase in defect length is the addition of higher refractive index
material to the cavity, resulting in lower frequency and higher wavelength resonances.
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Figure 4-14: Change in resonant frequency against mechanical strain for a 3D perturbation
computation. For a 4+0.2% strain (tensile), a 8.46 nm (0.55%) increase in the resonance
wavelength is computed.

Numerics The fineness of the interpolation was tested by continually decreasing the mesh
size, until an asymptotic limit of the final result is observed. For the integral of Equation 4.26,
mesh sizes between 360 and 1080 were used in the circumference, with the maximum dis-
parity at 0.25% fractional difference. For the bottom integral on the right-hand side of
Equation 4.20, interpolation nodes between 5 nodes to 40 nodes were used (between the
FDTD results), with final results differing by less than 2.5% fractional difference.

Tuned spectra The tuning of the resonant frequency is summarized in Figure 4-15, where
both the original and perturbed transmission spectra under 0.2% mechanical strain are
plotted. Only the perturbed transmission near resonance is shown because the FDTD fields
employed in the perturbation theory (E] and D 1) are calculated at the resonant frequency.
Perturbation at the band edges can also be found if the fields at the band edges can be found
with certainty.
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Figure 4-15: Perturbed transmission from 0.2% applied strain in comparison with the original
transmission.
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4.5 Other Considerations

4.5.1 Photoelastic Pockels effect

Changes in the refractive index on for an applied strain € (or stress) is described through
the photoelastic Pockels effect or stress birefringence as [129]
1 3

on = g pne (4.36)
where p is the photoelastic coefficient and n the refractive index (at 3.48 for silicon at 1.552
pum wavelength). The photoelastic coefficient for <100> silicon is found as 2.89 x 107° Fe
where F is the Young’s modulus [36]. Combining this with Equation 4.36, én therefore scales
as €2. Moreover, for a small index change dn the frequency shift 0 f is described by [27]

_ L) o
6f_<1+0_% 1>f (4.37)

where f(°) is the unperturbed resonant frequency and o the fraction of the mode located
inside the higher dielectric of the microcavity waveguide. For small dn/n,

Sf SA on
W - _W ~ —08 ; (438)

for o estimated at 0.80 [27]. Therefore, for an applied strain € of +0.1%, dn is —9.78 x 10~°
which gives d\ at -0.04 nm. For ¢ of 0.3%, d is -0.32 nm. This shift in wavelength is small
compared to strain perturbation computed in Section 4.4. We also note that Equation 4.37
describes the changes in resonant frequency for electro-optic effects: with dn/n on order of

0.1%, 0f/f is estimated at -0.08%.

4.5.2 Bending losses in waveguide

Losses associated with bends in waveguides are important considerations for integrated op-
tics, arising from a phase mismatch between the E-field in the core and the E-field in the
cladding [106, 93, 32]. In our device, the bow in the membrane when the piezoelectric ma-
terial is actuated results in an out-of-plane bend of the waveguide. This bend has a radius
of curvature of order 5000 pm. This is illustrated in the finite-element ADINA model of
Figure 4-16, wherein the bow is amplified for visual clarity. For a loading stress of 140
MPa (0.1% strain), there is a 16 nm relative (from one side to the other side of waveguide)
out-of-plane displacement for the 8 um region of waveguide investigated.

The loss through waveguide bends, «, for the fundamental TE mode, can be described
with [88]

ko d
a=—""cos*( 2 ) el e~ 20w (k=— k) R/l (4.39)
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Figure 4-16: Finite-element mesh of microcavity waveguide, showing bow in the waveguide.
For a loading stress of 140 MPa (0.1% strain), there is a 16 nm relative out-of-plane displace-
ment for the 8 um region of waveguide investigated. Displacement is amplified for visual
clarity.

where the subscripts 1 denote the cladding region and 2 the waveguide core respectively, R
the radius of curvature, d the waveguide width, and a,d related as

agd=vP+1-1 (4.40)

2

with v* = k7d*(%% — 1). The wavenumbers k; and ky and absorption «, is found from
1

dispersion relations

ki = wy/ue (4.41)
ay = /kI—wiue (4.42)
kow = yJw?ueq — k2. (4.43)

The result is an exponential dependence of a on radius of curvature R. With the predicted
radius of curvature on the order of 5000 pum, the loss is significantly less than 0.01 dB in
high-index contrast Si waveguides, negligible compared to roughness scattering losses [90] as
expected. The bend in our microcavity photonic crystal waveguide, however, could conceiv-
ably increase the coupling to the radiation modes.

4.5.3 Limiting strain and stress concentration

Limiting strain Applied strain on the microcavity waveguide leads to increased stresses
on the single-crystal silicon material, both at the holes and the interface between the silicon
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and the buried oxide. The fracture toughness of silicon is low (less than 1 MPa-m'/? [17])
which implies strong sensitivity of strength to processing-induced flaws or cracks [127]. The
limiting strain is thus a concern. The limiting strain at room temperature is largely defined
by the material surface roughness in the region of the largest applied stresses. As is con-
ventional for brittle materials, the strength is reported in terms of Weibull statistics. For
micromachined structures, Chen [16, 15] reports the Weibull reference strength of 4.6 GPa
for surface roughness of 0.3 pm and 1.2 GPa for surface roughness of 3 um. For roughness on
order of 0.1 pum, Chen reports the strength greater than 4 GPa, limited by the measurement
range of the test setup. Our estimated roughness for our microcavity waveguide is on order
of 20 nm for the sidewalls and 1 nm for the top surface. With an applied strain of 0.1%
(limited by the current piezoelectric actuator design), the applied stress at the holes is ~
200 MPa (depending on the material properties and crystalline orientation) and therefore
below the Weibull reference strengths reported. The appropriate limiting strain for the de-
vice, however, is strongly dependent on any sharp corners (such as through anisotropic KOH
etching on the wafer backside) or cracks that might result from device processing.

Materials other than single-crystal silicon are also possible for the microcavity waveguide,
although the index contrast and optical losses needed to be considered in the selection.
The use of polysilicon will allow a yield strain on order of 0.7% [133], while the use of
polymer waveguides (such as poly(p-phenylenevinylene)-silica composites or polyalkylsilyne)
will permit an estimated strain up to a few percent [48, 51].

Stress concentration at interface The applied stress on the microcavity waveguide also
induces an increased interface stress between the Si waveguide and the oxide insulator ridge.
Figure 4-17 shows the finite-element modeling on the microcavity waveguide on an oxide
“ridge” under 200 MPa loading stress (0.12% strain). The maximum interface stress is ~ 810
MPa, located at the interface between the two layers. The minimum stress is located at the
center of the microcavity. It is difficult, however, to gauge the possibility of delamination
of the thin-film Si waveguide, as the specific experimental data is highly dependent on the
presence of cracks'?. The double-anchored membrane is therefore designed such that the
input and output facets of the waveguides, a source of cracks during sample cleaving, are
placed away from stress concentration regions such that no additional stress is observed at
the facets during piezoelectric actuation.

120n the contrary, bond toughness data is readily available.
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Figure 4-17: Finite-element mesh of microcavity waveguide, under 200 MPa loading stress.
The maximum interface stress, between the Si device layer and oxide, is ~ 810 MPa.

4.6 Summary

We began this chapter by describing the strain-tuning platform for microphotonics, along
with a review of the concept and design of the microcavity waveguide. First-order semi-
analytical perturbation theory is then employed to compute the changes in the transmis-
sion spectrum for an applied strain to the microcavity. This required fields along specific
boundaries and regions derived from an initial FDTD computation, and analytical material
displacements of circular holes derived from classical mechanics. From a full 3D computa-
tion, the perturbation shift in the resonance wavelength is predicted at 0.82% for a 0.3%
mechanical strain. We also considered photoelastic effects, limiting strain, bending losses in
the device design. The next chapter discusses the physical realization of the device, along
with experimental comparisons to theory.



Chapter 5

Nanofabrication And Experiment Of
Strain-Tunable Photonic Band Gap
Microcavity Waveguide

If a man will begin with certainties,

he shall end in doubts;

but if he will be content to begin with doubts
he shall end in certainties.

— Sir Francis Bacon (1561 - 1626).

This chapter presents the detailed fabrication and experimental results of the strain-
tunable microcavity waveguide. Device fabrication incorporates nanolithography of the
photonic crystal with thin-film piezoelectric microactuators, while optimizing the process
for high-transmission silicon waveguides and good-quality piezoelectric films. Experimental
characterization demonstrates, for the first time, the dynamic tuning of microcavity reso-
nances in response to an applied strain. This suggests the generalization to tunable silicon
microphotonic devices, based on the concept of the deformable membrane platform.

5.1 Nanofabrication

The scale-invariance of Maxwell’s equations suggest that a microcavity waveguide with lat-
tice constant a at 2 um gives a resonance wavelength on order of a few pym. This microwave
regime is more difficult for measurement compared to the optical regime. Instead, if a is
on order of 400 nm, resonance will be around 1.55 pum optical telecommunication wave-
lengths where detectors and sources are more readily available!. To achieve a on order of

In a sense, choosing the smaller length-scale of a few hundred nanometers shifts the burden of difficulty
to the device fabrication instead of device measurement, with the current technologies available.
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several hundred nanometers, the minimum feature size is approximately 130 nm. Fabrication
schemes possible to reach this length-scale include: deep-ultraviolet optical lithography, di-
rect electron-beam writing, extreme-ultraviolet, ion beam lithography, or X-ray lithography.
We employ the X-ray and electron-beam lithography tools available at the MIT Nanos-
tructures Systems Laboratory of Prof. H. I. Smith. In this section, we discuss the overall
fabrication process of the device strain-tunable microcavity waveguide, X-ray and electron-
beam lithography results, a new PZT process, and a Si membrane release procedure.

5.1.1 Overall process flow and integration considerations

The fabrication process has three major milestones: (1) aligned X-ray lithography along
with waveguide processing for optical resonance detection with low transmission losses (Sec-
tion 5.1.3, (2) integrated thin-film PZT processing with repeatable results given the high
material cost of specialized wafers for optical waveguides (Section 5.1.2), (3) high yield
membrane release with Si on top of membrane (Section 5.1.4). PZT processing is designed
before the X-ray lithography so that any yield issues with PZT processing will be shifted
upstream and dealt with before X-ray waveguide processing and membrane release. This
however requires etching of the PZT before annealing, as PZT cannot be annealed on top of
a bare Si layer nor is there a reliable protective layer? which can be cleanly removed without
attacking the 200 nm Si device layer. Membrane release possibilities include front-side XeFq
etching or bulk KOH micro-machining from the backside. A combination of these two can
be used to release a membrane with remaining Si for structural support against the oxide.
Figure 5-1 diagrams the fabrication process.

The beginning substrate is a Silicon-On-Insulator Unibond wafer from SOITEC, chosen
for low-loss transmission [93, 32]. The desired silicon device thickness is 184 nm, for resonance
at 1.55 pm. Given the specialized wafers are single-side polished, we begin with a chemical
mechanical processing step on the backside. PECVD silicon nitride is then deposited and
patterned on the backside to permit the possibilities of using KOH bulk micromachining.
The silicon device layer on the frontside is then etched to form the trenches for the thin-film
PZT actuators. Subsequently, the bottom electrode is deposited with evaporation and lift-off
processing. Thin-film PZT is then coated, dried and heated at 350 C for pyrolysis, but left
unannealed. Wet-etching is then employed to pattern the PZT before annealing at 650 C.
A Pt/Ti top electrode is then deposited with evaporation and lift-off processing. Oxide is
reactive ion etched away at selective areas to permit a XeF; release later in the processing.
X-ray nanolithography is then employed to pattern PMMA with 130 nm minimum features.
Cr is evaporated and lift-off to form a hard mask for silicon etching to define the microcavity
waveguide. After the silicon etching, the hard mask is removed with a Cr etchant. Resist
is patterned above the waveguide to protect it from an eventual XeFs etch. The wafer is

2The most possible candidate is silicon nitride to protect the Si when annealing PZT; however, dry or
wet etches to remove the nitride will attack the 200 nm Si device layer, wherein the thickness is crucial to
the guided mode wavelength.
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Figure 5-1: Fabrication process flow schematic of strain-tunable photonic crystal waveguide.

then partially die-sawed to allow eventual easy cleaving without breaking the membranes. A
XeF, dry-etch is used to release the membrane, and the wafer cleaved to access the waveguide
facets. Processing details are listed in Appendix C.1. We describe results of PZT processing,
X-ray lithography, and membrane release in the following sections.
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5.1.2 PZT processing for integrated microactuators

We develop a new processing technology — that of etching the PZT film before annealing —
in order to satisfy the process flow requirements that the PZT processing does not affect the
200 nm Si device layer on the SOI wafer. The electrodes are evaporated, instead of sputtered,
and patterned with lift-off instead of reactive ion etching. We also employ wet-etching for
a quick turn-around time and which does not require extensive equipment as in the case of
dry etching. However, wet etching might lead to large undercuts beneath the resist. The
undercut issue is solved with proper selection and processing of the resist, and optimizing
different etch times and solution concentrations. We also note that the unannealed PZT
film does not adhere to non-platinum surfaces during wet-etching, permitting the film to be
removed easily. The process details are given in Appendix C.1. The resist used is ~ 5 pym of
AZ 4620 from Hoechst Celanese Corporation, and approximately 5 sec etching time in 63%
DI (200 ml)/ 32% HCI1 / 5% BOE solution.
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Figure 5-2: Topview of processed results for defining thin-film piezoelectric actuators: (a)
Pt/Ti bottom electrode patterned with lift-off, (b) wet-etched patterned PZT, (c¢) wet-etched
patterned PZT (annealed) at higher magnification, and (d) Pt/Ti top electrode patterned
with lift-off and oxide layer etched in preparation for XeF, etching to release membrane.

Figure 5-2 shows the top-view of PZT processing at the various steps: (A) patterned



5.1. NANOFABRICATION 111

Pt/Ti bottom electrode with lift-off, (B) wet-etched PZT, (C) wet-etched PZT after anneal-
ing (at higher magnification), and (D) patterned Pt/Ti top electrode on completed PZT
actuator. The silicon column (or mesa) in-between the actuators will subsequently form the
waveguides and the microcavities. With a linewidth of 30 ym in the PZT actuators, the
expected undercut needs to be tightly controlled, especially when the PZT film is etched
before annealing. (An annealed PZT film is more dense and will have less undercut when
etched after annealing.) We therefore diluted the etchant and kept the etch times on the
order of seconds. The completed 23 ym PZT “strips” demonstrate good polarization versus
electric field hysteresis properties, as illustrated in Figure 5-3. The saturation polarization
measures at 59 ©C/cm?, the coercive field at 127 kV/cm (corresponding to 3.8 V), and the
remnant polarization, 2P,, at 62 uC/cm?, comparable to properties from conventional PZT?
processing. The measured resistances range from 6 x 108 to 2 x 10 €, which translates to
resistivities of 2 x 107 to 8 x 10% Q-m, as expected from the thin-film PZT material.
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Figure 5-3: Polarization electric field (expressed as applied voltage) hysteresis curve for com-
pleted actuators for the microcavity waveguide. The PZT film was etched before annealing
in a wet-etchant.

3Reactive-ion-etching is typically, at this point of writing, used to etch the PZT film and the Pt/Ti
electrodes. Sputtering is commonly used to deposit the bottom electrode. PZT is either spun on with a
sol-gel material or sputtered.
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5.1.3 X-ray nanolithography for microcavity waveguide

We use X-ray nanolithography with Cu L-line source of A at 1.32 nm (940 eV) in the NanoS-
tructures Laboratory (NSL) of MIT under the direction of Prof H. I. Smith. Features as
small as 20 nm can be replicated in a practical manner with this process. First, to create
an X-ray mask, the pattern is written by electron-beam lithography into 240 nm PMMA
(poly-methyl-methacrylate, 3% 950K) on a SiN, membrane. The PMMA is then developed,
with a methyl-isobutyl-ketone in isopropanol (1:2 buffering) solution, and gold is electro-
plated into the PMMA mold. This is typically the “mother” mask. The mother mask is
written by Juan Ferrara of NSL. A negative image of the pattern, or a “daughter” mask, is
created by exposing with the mother mask using soft-contact X-ray nanolithography. The
mother-daughter mask procedure is used as X-ray masks could break easily.

The daughter mask is then exposed onto 240 nm PMMA on a SOI device substrate,
with alignment of the mask with respect to the piezoelectric actuators. The Si column,
shown earlier in Figure 5-2c, is designed to be sufficiently wide so that the resist thickness is
uniform (in order for proper exposure and development) even when spun onto a wafer with
etched features. Lift-off of 50 nm Cr is then used to create a hard-mask * for Si waveguide
etching. We note, in this case, the mother mask is of the same image polarity as the final Cr
hard-mask. Depending on control of the resist development time and the X-rays exposure
time, variation of the hole diameters and waveguide widths is on order of 10%. Figure 5-4
shows the SEM of the exposed PMMA and subsequent lift-off for the Cr mask.

e 006 @aoo6e

Figure 5-4: Intermediate steps of X-ray processing: (a) transfer of pattern from mask into
PMMA, (b) Cr lift-off to form hard mask for Si plasma etching.

Alignment of the mask to the substrate is made more difficult because the mask is dark-
field; that is, most of the region of interest is Au so that any structures directly beneath the

4Using PMMA as a direct mask for Si RIE etching is not feasible, as the Oy in the RIE plasma will
remove PMMA — through ashing and heating — very quickly. PMMA as a direct mask for SiO5 etching is
possible, although a CHF3 etchant needs to be used and the substrate kept cool through chamber venting
every minute [121].
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mask cannot be observed. To get around this issue, the waveguides on the mask is aligned
to test structures on other locations of the substrate. Figure 5-5 shows the integrated results
of X-ray nanolithography with the piezoelectric microactuators. Rotational alignment is
essential due to the length of the waveguide and has to be made within ~ 0.3 degrees. y
alignment is also essential due to the need to locate the waveguides and microcavities on the
previously defined Si column. Z alignment is more relaxed.

Cr mask for
microcavity
waveguide

=

E [}
=
=

Si mesa before waveguide RIE

Figure 5-5: Aligned X-ray nanolithography with Cr hard-mask defined on Si mesa before
waveguide etch.

With the Cr hard mask created, the Si is etched in a 13.5 sccm CFy / 1.5 scem O, plasma
at 10 mtorr and 300 V DC bias with power ~ 190 W. The etch rate is ~ 20 - 26 nm/min.
The Si etch is optimized to achieve vertical (and straight) sidewalls to reduce transmission
losses and such that the optical response will be at the wavelengths of interest. Appendix C.3
shows the SEM cross-sections of different etch recipes. The lower pressure (10 mTorr) and
lower DC bias recipe gives a slower etch rate, but results in the more vertical and straight
sidewalls. In this process, sidewall roughness, on order of 20 nm, is the largest contributing
factor for transmissions losses®.

The Cr mask is then removed with a wet etchant (perchloric acid, HC1O,4, with ceric
ammonium nitrate, Ce(NH4)2(NOj)g). The Cr etchant does not attack the completed PZT
actuators. Next, for some wafers, we also performed a short Si etch, without the Cr mask,
to trim down the Si waveguide thickness ¢ as the beginning specialized Unibond SOI wafers
had device layer thickness ~ 5% more than desired in the design. The top surface roughness

5Top surface roughness on the Si device layer is on order of 1 nm from AFM measurements, significantly
smaller than sidewall roughness.

6The waveguide thickness is essential for operation at the desired optical wavelengths of 1.55 um. In-
creasing the thickness decreases the operating frequency of the microcavity waveguide, as discussed in Sec-
tion 4.3.3, page 90.
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increased from ~ 0.6 nm to 1.4 nm after this etch, but is still smaller than the roughness
from the sidewalls.

A completed microcavity waveguide is illustrated in Figure 5-6. The lattice constant a is
425 nm, defect size ag at 655 nm, waveguide width w at 490 nm, with 4 holes on each side
of the microcavity. The waveguide thickness is kept at ~ 190 nm.

Figure 5-6: SEM of completed microcavity waveguide under 20,000X magnification.

Stitching errors of electron-beam lithography Both direct electron-beam writing and
X-ray nanolithography (with the electron-beam written masks) are prone to stitching errors
from an electron beam lithography system. The particular electron-beam system we used
is integrated from IBM gifts VS-2A and VS-6 7. To write the 2000 um (in length) waveg-
uides, the electron-beam field — which is approximately 102.5 to 125 um in size — has to be
translated multiple times to complete the writing layout. Translation is done by moving the
sample stage. Positional errors in the field stitching are therefore observed as kinks in the
waveguide, as shown in Figure 5-7, leading to scattering losses in transmission at each of
these stitches. In this particular SEM, the stitching error is approximately 125 nm. Develop-
ment of a positional feedback system with fiducial grids — such as the Spatial-Phase-Locked
E-Beam Lithography system — has improved stitching accuracies to a nanometer standard
deviation [43].

Direct electron-beam writing We also used direct electron-beam writing for the mi-
crocavity waveguide. In this process, control of the exposure dosage (by controlling the

"The pixel size of the system ranges from 6.25 to 7.0 nm.
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Figure 5-7: Stitching error in electron-beam writing of X-ray mask, as reflected in discrete
kinks in resultant waveguide. In this particular SEM, the stitching error is approximately
125 nm.

scanning speed of the beam) is pertinent to achieve the designed device dimensions. Re-
sist development time and thickness considerations are secondary compared to the exposure
dose. Figure C-11 of Appendix C shows the effect of different doses (between 330 pC/cm?
to 446 uC/cm?): for ~ 21% increase in dose, the features can vary by ~ 9%, such as for the
hole diameter. The design configurations in the electron-beam writing layout are listed in
Figure C-12 of Appendix C (page 159), wherein we include variations such as defect length,
width of waveguide, number of holes and overall physical size of the device. This process was
eventually not used, at the time of writing, due to availability issues of the electron-beam
equipment.

5.1.4 Tunable membrane platform release

There are two main methods to release the membrane platform. For a Si/SiO, membrane,
a combination of KOH bulk micromachining, Si backside RIE and XeF, dry release from
the front-side is necessary. For a SiOy membrane (without Si), we only require XeFy etching
from the front-side. Without Si in the membrane, there is concern of whether the double-
anchored oxide membrane will survive under residual stress and piezoelectric actuation. We
demonstrate for our device dimensions — 600 to 1000 pgm length and 100 pm wide — that the
double-anchored oxide membrane is sufficiently robust for oxide thickness of both 0.4 ym and
3 pm. Figure 5-8 shows the top view micrograph of the 0.4 ym oxide membranes released by
front-side XeFs dry etching. The curved shadows on the length-wise sides of the membranes
are due to out-of-plane bow from residual stresses in the oxide and PZT films. The chirped
dark (short) lines in each membrane are indicative of the out-of-plane membrane bow. The
membranes are tested under PZT actuation up to 20 V and they do not fracture.
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Figure 5-8: Double-anchored oxide membranes released by front-side XeF; isotropic etching:
(a) optical micrograph, (b) SEM image.
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5.2 Experiment

And then there was light.

This section describes the microcavity experiments, on both a “static” microcavity (with-
out the integrated microactuators) and a tunable microcavity. Laser diode sources, through
coupled lensed fibers, are used to determine the photonic band gaps and cavity resonances.

5.2.1 Measurement setup

Device characterization is performed at the MIT Optics and Quantum Electronics Group of
Prof E. P. Ippen and H. A. Haus. The measurement setup schematic for characterizing optical
waveguides is illustrated in Figure 5-9. The apparatus is managed by P. T. Rakich [124].
With two Santec tunable laser diodes, the measurement window is from 1430 to 1610 nm.
The setup also permits full polarization control, 10 nm sample stage resolution with bulk
piezoelectric actuators, and high resolution confocal signal collection. Imaging cameras in
the setup also permit detection of proper coupling into the waveguides (for guidance instead
of oxide cladding modes). Figure 5-10 shows: (a) exit view of waveguide depicting proper
coupling into waveguide and low-loss transmission through waveguide, and (b) top view
of guidance into a waveguide with radiation losses from the holes and at the microcavity.
Direct imaging of the output facet and scattering from the waveguide stitching errors permit
practical determination of waveguide coupling.

Figure 5-9: Schematic of waveguide characterization setup in the MIT Optics and Quantum
Electronics Group. Setup permits measurement range from 1430 to 1610 nm with laser
diodes, full polarization control, 10 nm sample stage resolution, and high resolution confocal
signal collection. Figure courtesy of P. T. Rakich [124].



5.2. EXPERIMENT 118

(@

Figure 5-10: Imaged views of microcavity waveguide in operation: (a) exit view of waveguide
depicting proper coupling into waveguide and low-loss transmission through waveguide, and
(b) top view of guidance into a waveguide with radiation losses from the holes and at the
microcavity.

5.2.2 Waveguide loss characterization

A widely used methodology to measure waveguide transmission losses is through the cut-back
method [55]. This simply involves measuring the transmission, destructively removing some
of the waveguide, and re-measuring the transmission to determine the loss. Other methods
include photo-thermal deflection [46], or inclusion of a “paper-clip”-like structure to vary the
waveguide length (much like the cutback method, except that it is non-destructive) in a single
chip with similarly-prepared facet qualities [93]. We employ here the Fabry-Perot resonance
method [126, 146] which is a convenient single-step method for high-contrast waveguides.
The input and output facets act as effective mirrors to form a Fabry-Perot cavity, with

reflectivities R given as
2
Mo + ey
where n, is the refractive index of the medium adjacent to the waveguide and n.ss the
effective refractive index for the waveguide. Equation 5.1 assumes vertically-cleaved facets.

While a a mode solver can be used to find n.rs, we use here an analytical solution for a good
approximation. For a three-layer structure consisting of top cladding, guidance layer, and
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bottom cladding, n.s; can be found from the following [93]
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where k, is the wavevector in air, d the thickness of the guidance layer, n; the top cladding
index, ny the guidance layer index, n3 the bottom cladding index, and v an integer. The
rectangular waveguide can be divided into three-layer sections horizontally (in the plane of
waveguide) or vertically. The effective indices are found for each horizontal slice and then
the effective index method used again to sum up the three horizontal slices to get ncss. ners
is found to be 2.4737 for air-cladded silicon (ng; of 3.48) on thermal oxide (ng;o, of 1.44),
giving facet reflectivity R of 0.18.

With n.¢y and R determined, the waveguide loss, or absorption, coefficient « is described

as
1 1+ /Lmin

Pmin

Pmaa:

For R of 0.18, « is thus estimated to be between 5 - 7 dB/cm.

Total loss between the input and output fibers, including fiber-to-waveguide coupling, is
estimated to be on order of 30 dB. Most of this loss is in the fiber-to-waveguide coupling, due
to the poor mode overlap between the launch fiber and the waveguide facets®. An integrated
spot size converter [148] or an anti-reflective coating evaporated on the waveguide facets
could decrease coupling loss.

8For photonic crystal waveguides formed from line defects in a 2D photonic crystal, the coupling is made
worse with an impedence mismatch between the linear dispersion in the fiber and the nonlinear dispersion
in the photonic crystal waveguide.
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5.2.3 Membrane mechanical measurements

Direct measurements of the membrane displacement was performed with the Computer Mi-

crovision system [34] in the Freeman lab, as was used with the tunable grating measurements
and briefly described earlier in Section 3.3.2. The experiments were performed by probing
two of the four integrated microactuators, requiring four individual 3-axis probes. As the
contact area has 22 ym widths, probes with 2.4 pym tips are used to contact the electrodes.
Wire-bonding cannot be performed as the contact area is limited by the pre-determined
length of the waveguides in the X-ray masks. DC-biased voltages, up to order 10 V, are
applied to one of each pair of probes.

As with the Microvision experiments performed on the tunable gratings (Section 3.3.2),
the displacements are converted in membrane strain, with strain of 0.022% estimated at 10 V.
This numbers are plotted against finite-element (FE) models performed in Coventorware?
as illustrated in Figure 5-11. The strain measurements are in good agreement, although
there is large uncertainty in the FE estimates due to the high sensitivity of the strain to the
membrane location.
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Figure 5-11: (A) Comparison of Microvision [34] measured strain against FE model estimates,
(B) top view of deformable membrane under the Microvision system, (C) z-axis displacement
estimates under the FE model.

5.2.4 Static microcavity measurements

Laser diode measurements The observation of the microcavity resonance is illustrated
in Figure 5-12, with dimensions of the specific device (Design I) detailed in Table 5.1. The
peak transmission is at 1555.2 nm. (), as described in Section 4.3.3 on page 90, is determined
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to be 159 £ 10 for the static microcavity waveguide with a FWHM of 9.8 nm®. This is in
agreement with theoretical predictions of Qpprp at 180 by Johnson [65] and 172 by Fan [27].

For this particular device (Design I), the waveguide thickness is trimmed down to 176
nm. In addition, the oxide layer is 3 um thick, effective separating any field overlap with the
Si substrate. Figure 5-12 also shows a higher frequency signal convolved with the Lorentzian
of the microcavity resonance. This higher frequency signal has a periodicity of ~ 5 nm,
which corresponds to a larger Fabry-Perot of ~ 70 pum length in the waveguide. This is
from the e-beam lithography field stitching errors that occurs every 60 - 100 pm along the
waveguide.

—experiment - FDTD (rms and tg; fit) i
0.8 microcavity
resonance at
1555.2 nm

0.6 |

0.4

0.2 r

Normalized transmission .

0
1430 1470 1510 1550 1590

wavelength (nm)

Figure 5-12: Normalized transmission of static microcavity waveguide. The measured spec-
trum is low-pass filtered to remove high frequency measurement noise. Measured device
dimensions are listed in Table 5.1.

The finite-difference time-domain prediction, shown as the dotted (green) line in Fig-
ure 5-12, is corrected for the 5 nm SEM measurement resolution of the microcavity waveg-
uide dimensions. This 5 nm measurement resolution translates to a 3% root-mean-square
error — with measurements of the lattice constant a, defect length a4, diameter of holes 2r,
and width of waveguide w — in the device physical dimensions. It is also corrected for a
waveguide thickness of 176 nm instead of the 190 nm used in the original computations. It

9Q is determined directly from the measured FWHM since the spectrum resolution is 0.1 nm or less.
Another method to determine @ is by varying the @ of a theoretically generated first-order Lorentzian and
gauging the best fit with the experimental measurement. The goodness-of-fit can be determined with a
: : _ Cov(measurement,generatedLorentzian) : :
correlation coefficient p = , or a cross-correlation technique.

\/Vur(measu'rement) Var(generatedLorentzian)
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Device parameter Measured dimension | % design variation

spatial period a 429 nm +3%

waveguide width w 1.26a + 6%

waveguide height tg; 0.41a -8%

defect length agy 1.50a +1%

hole diameter 2a 0.44a -5%
oxide ridge thickness Zg;0,, 0.69a -
oxide layer thickness tg;0,, 6.22a -
depth of holes into oxide 0.70a -
number of holes on each side of microcavity 4 -
refractive index of silicon 3.48 -
refractive index of silicon oxide 1.44 -

Table 5.1: Specific measured dimensions of microcavity waveguide with transmission spec-
trum shown in Figure 5-12.

is also reported that simulations show that the longer wavelength band edge does not shift
appreciably with dimensional variations, while the resonance and shorter wavelength band
edge is more sensitive [33]. The predicted transmission peak at 1558 nm compares well with
the measurement of 1555.2 nm, a 0.2% fractional difference.

Comparison of measured resonances for two device geometries — Design I and II — is shown
in Figure 5-13. Design II has a defect length a; 14 nm longer than Design I, with a similar
lattice constant a (within SEM measurement uncertainty). The longer defect length leads
to a longer resonant wavelength as observed and as can be expected from the Fabry-Perot
analogy. The shift is smaller than expected due to the devices of Design II having smaller
waveguide widths and larger holes than Design I'°. In the particular device of Design II, Q)
is estimated at 280 with a FWHM of 5.6 nm.

10Tn the particular fabrication of devices of Design I, the PMMA is over-exposed and over-developed in
order to safely clear the holes. This results in larger waveguide widths and smaller holes, leading to a higher
dielectric material ratio in the device and hence a longer resonant wavelength.
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Figure 5-13: Measured resonances for microcavity waveguides with different defect length
aq. Design I has ag; = 1.50a = 648 nm. Design II has a; = 1.52a = 662 nm.
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5.2.5 Dynamic strain-tunable microcavity measurements

Tunable microcavity setup The experimental setup, including the probes, is shown in
Figure 5-14. Lensed fibers are used to couple light into and out of the microcavity waveguides.
Imaging of the chip is performed by looking vertically down onto the chip and at an angle, to
position the probe tips and also to observe proper coupling into and out of the waveguides.
Two probes are required for each PZT actuator, for the top and bottom electrodes. The
probe setup is similar to the ones used for the microvision measurements, as described in
Section 5.2.3. A DC-biased voltage, up to 16 V, is applied to one of each pair of probes.

imaging optics

illumination imaging optics
lamp

output fiber

illumination
lamp

launch fiber

c'r(-)mpleted tunable
microcavity chip

Figure 5-14: Experimental setup with positioned lensed fibers for input and output coupling,
imaging optics, and electrical probes for the integrated PZT microactuators.

Tunable microcavity experiments When a DC-bias is applied, the shift in resonance,
A, is determined to be -0.91 nm at 15 V (compression) and +0.63 nm at 16 V (tension).
Figure 5-15 shows the tuned resonances between 0 V and 16 V (tension) applied voltages
to two of the four actuators. This, to our knowledge, is the first report of active strain to
dynamically tune the responses of silicon photonic crystals. The spectrum shown for each
applied voltage is averaged over multiple measurements, with the wavelength resolution
determined to be 0.02 nm from multiple measurements.

The fitted Lorentzians are generated with a Trust-Region!! nonlinear least squares al-
gorithm which uses an iterative approach to minimize the residuals [8]. Only the data at
the main peak is analyzed, as the “side”-ripples might give systematic errors to the fitting
algorithm. The R? values involved in the fitted first-order Lorentzians are 0.94 £ 0.03 with

UThis algorithm [8] is employed with the Matlab 6.1 Curve Fitting Toolbox. Other nonlinear least squares
algorithms are the Levenberg-Marquardt or Gauss-Newton algorithms.
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Figure 5-15: Strain-tuned resonance of the microcavity waveguide at 0 V and 16 V, in
tension. A trust-region nonlinear least squares fit is used to generate the Lorentzians.

sum-squares-error at 0.28. Third-order Lorentzians and first-order Lorentzians with sinusoids
are also explored to determine the shift in resonance, with R* ~ 0.99 and residuals at ~
0.01. Intensity-weighted mean, mode and median calculations are also used to determine the
resonance shift. All these methods show the same directional shift for various applied volt-
ages; the first-order fitted Lorentzian is selected as the one with the theoretically-expected
transmission response and with the most certainty.

Both compression and tension are possible to be applied to the microcavity because the
microcavity is located off the mid-plane of the double-anchored membrane during actual
device fabrication. That is, during alignment of the X-ray mask to the completed microac-
tuators, the microcavity is physically translated in the Z-direction (along the waveguide
direction, as first denoted in Figure 4-1) to be aligned beside a pair of PZT actuators. This
allows compression when those actuators are activated and tension when the opposite, on
the other side of the membrane, pair of actuators are involved.

Tunable microcavity analysis There is an observed increase in () for shorter resonant
wavelengths, from the decrease in cavity lengths, on order of a few percent fractional dif-
ference. This suggests stronger localization of the fields with a shorter cavity length for
this particular device. This effect is similar to the fractional edge dislocation discussed by
Vuckovic et. al. [155] where there is a maximum @ for an appropriate cavity length, as the
cavity length is progressively scanned. The explanation could be thought of as follows [65]:
initially, as a state is pulled down into the band gap (by adding dielectric material between
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the holes to create the defect), the fields become more localized!? and there is less coupling
into waveguides. Total () increases. As the state is further pulled into the gap, localization
get stronger but peaks near the mid-gap, as is (). As the state continues to be pulled further
down towards the lower frequency band edge, the fields become less localized until the state
eventually disappears. There is more coupling into the waveguide, and () decreases back
down. Our measurements, therefore, suggest this particular device has a defect size such
that the localization (and total @) is past its maximum. Full simulations would be needed
to determine the specific location of the strongest localization with respect to the device
defect size.

Figure 5-16 summarizes the measured tuned resonances in comparison with the per-
turbation analysis described in Section 4.4. The applied strain, on the horizontal axis of
Figure 5-16, is estimated through the Computer Microvision [34] measurement system as
described previously in Section 3.3.2. The error bar in the horizontal axis is from Micro-
vision measurement uncertainties; the error bar in the vertical axis is from various fitting
algorithms to the Lorentzian response. The theory predicts the experimental results well,
without any fitted coefficients. This validates the developed perturbation numerical model
in predicting changes in resonant frequency for a given applied strain.
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Figure 5-16: Comparison of strain-tuned microcavity resonance against modeling predictions.

12Q0nly in the band gap are the fields localized; as the state enters or leaves the band gap, it becomes
delocalized and eventually disappears.



5.2. EXPERIMENT 127

The total applied strain is at ~ 0.04% and is smaller than the 0.21% strain reported
for the tunable gratings (in Section 3.3.2) due to smaller force delivered to the microcavity.
This is because of (1) the thicker membrane, and (2) the small linear length amplification
factor (as described in Section 2.2.2, page 34) in the double-anchored membrane for the
microcavity waveguide. The thicker membrane is due to the thick oxide (1 - 3 pm) needed
to insulate the mode from the substrate. The small linear length amplification factor is
due to the constrained design space of the microcavity waveguide from the nanolithography
X-ray mask.

To increase the maximum applied strain, we can therefore: (1) reduce the membrane
thickness, (2) increase the linear length amplification factor given more flexibility in the
microcavity waveguide design, and (3) reduce the residual stress in the membrane. Reducing
the membrane thickness will, to first-order, result in a linear increase in applied strain, as
described in the elastic energy variational approach of Section 2.2.4 (Equation 2.24). The
reduction from the current 3 pum oxide, constrained by the availability of the Unibond SOI
wafers, to a 1 pum oxide will give an estimated factor of three improvement. Reduction
in residual stress will lead to a linear increase in maximum applied strain, with most of
the elastic energy in our specific double-anchored membrane dominated by residual stress
(Section 2.2.4). The residual stress could be reduced by using a different material for the
membrane, such as a variable Si ratio SiN, material. Using a SiN, membrane, however, leads
to additional processing steps and the need to deposit and define a low-loss dielectric material
for the waveguide, instead of using the single-crystal Si in the SOI wafer as is currently.

Evaluation of technology The currently demonstrated dynamic tuning range of 1.54
nm in passive silicon microphotonics at optical frequencies is significant compared to tuning
ranges achieved with electro-optics (as mentioned in Section 1.1, in III-V materials, A\
is typically on order of 0.05 nm [99] and, in polymeric electro-optic materials, up to 6.6
pm/V [123]). The application is particularly significant in two targeted areas: (1) post-
device fabrication trimming, or relaxation of tight production tolerances, in DWDM optical
telecommunications, (2) active compensation against external disturbances for high-density
integrated optics. First, based on a projected 200 DWDM channels, the C and L band (1525
- 1565 nm and 1575 - 1608 nm respectively) bandwidth translates to ~ 0.4 nm wavelength
spacing per channel. If we assume, to first-order, we can resolve two spectra at the Rayleigh’s
resolution and translate this to device dimensional tolerances, a ~ 0.28 nm dimensional
tolerance is needed. This is difficult to achieve with current nanofabrication technologies.
Taking current abilities to resolve device dimensions on order of a nanometer, this translates
back into an uncertainty, from device fabrication, in wavelength resolution of ~ 2 nm. The
currently demonstrated tuning range with piezoelectric strain-tuning is thus immediately
significant as a post-device fabrication trimming technology for DWDM optical networks.
Second, current methods for trimming or compensation against external disturbances in
optical telecommunication devices typically involves thermal-related effects. However, ther-
mal methods typically require high power (order mW per active device), has response times
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on order of kHz, and might be difficult to achieve localized tuning within order 10 pm spatial
dimension. Moreover, to achieve a temperature-controlled environment, power dissipation
through natural convection gives an estimate of 0.3 W for a 5 °C differential temperature.
The high-power density of piezoelectric actuators, and hence the low power consumption,
translates to power requirements on order of nW per active device. In addition, response
times are possible up to MHz and discrete localized tuning can performed on each device. If,
for example, 10° individual devices are required on a chip for active trimming or compensa-
tion, piezoelectric tuning requires order 10 mW while thermal methods require 100 W. This
immediately suggests scalability for piezoelectric tuning in replacement of current thermal
methods.

In terms of actively switching channels, however, the currently demonstrated 1.54 nm
range has less implications. For 200-channel DWDM networks, this range translates to
switching of a few channels. For the same tuning range, thermal methods would be required
to achieve on order of a 15 °C differential temperature, with a sensitivity of ~ 0.1 nm/K [59].
We project the piezoelectric tuning range could be quickly extended up to order 8 nm,
through described suggestions on page 127. This corresponds to a strain of ~ 0.2%, for tuning
10 - 20 channels. For a tuning range larger than order 10 nm, some designs suggestions,
described in Section 6.2.3, can be implemented.

5.3 Summary

This chapter began with discussing the micro- and nano-fabrication of the strain-tunable
silicon microcavity waveguide. The overall processing flow, integrating thin-film piezoelec-
tric microfabrication and X-ray nanolithography, is described. Results from a new PZT
processing method — that of PZT wet-etching before annealing — are demonstrated. The
nanostructures are then defined on the resulting substrate, and successfully released with a
XeF; isotropic dry etch.

The experimental results show a photonic band gap on order of 300 nm, with cavity
resonances at 1555.2 and 1569.7 nm. Total @) is found to be between 160 and 280 for different
geometries. Waveguide losses is estimated to be between 5 - 7 dB/cm. The dynamic tunable
microcavity shows a tuning of 1.54 nm for both tension and compression applied through the
integrated PZT microactuators at 16 V and 15 V respectively. This is the first demonstration
of strain-tunability on photonic crystals to our knowledge, and is a general method — with
targeted applications — towards strain-tuning of silicon microphotonic devices.



Chapter 6

Conclusions

Day after day he appeared before us incomparably faithful to the illusions of the stage,
and at sunset the night descended upon him quickly, like a falling curtain.

The seamed hills became black shadows towering high upon a clear sky;

above them the glittering confusion of stars resembled a mad turmoil stilled by a gesture;
sounds ceased, men slept, forms vanished—and the reality of the universe alone
remained—a marvellous thing of darkness and glimmers.

—J. Conrad, Heart of Darkness (1990 ed.).

This chapter highlights the major developments and accomplishments in this thesis. Be-
ginning with the generalized concept of strain-tuning of periodic microphotonic devices, we
describe two specific implementations: the fundamental diffractive grating and the photonic
band gap microcavity waveguide. The theoretical formulations and concepts, the integrated
device fabrication processes and results, and the experimental demonstrations and analyses
of each device is recapitulated. Recommendations for future explorations are presented.

6.1 Looking Back

The concept of strain-tuning of periodic microphotonic devices is generalized, in this the-
sis, to the fundamental diffractive grating element, and the photonic band gap microcavity
waveguide. The motivation for active tuning of network components is based on the follow-
ing immediate demands, as first presented in Section 1.1:
I. usage-based reconfiguration of network components for overall network adaptivity and
reliability,
I1. active compensation against external disturbances such as thermal and stress-induced
fluctuations, material dispersions and absorptions, and
III. device trimming to achieve or relax tight production tolerances in high bandwidth
optical and optoelectronic devices.
Piezoelectric strain-tuning is selected, in contrast to electro-optic or thermal tuning, due to
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the advantages of low power and voltage requirements, ultra-fine control with MHz dynamic
response times, localized tuning in high-density integrated optical chips, and compact inte-
gration of microactuators. The cost is the added microfabrication complexity to include the
integrated actuators. The demonstration of the analog tunable diffractive gratings and the
tunable microcavity waveguide is based on the piezoelectric-enabled deformable membrane
platform.

Analog Tunable Gratings In contrast and complementary to the state-of-the-art “dig-
itally” tunable diffractive gratings developed for high-resolution projection displays and
miniaturized spectrometry [1, 49], we presented, in Chapter 2 and 3, in-plane strain to
diffractive gratings for continuous control of the grating period and diffraction angles. An
analytical piezoelectric membrane model is employed to explore the mechanical design space.
Moreover, finite-element modeling is pursued to investigate out-of-plane displacements and
resonance modes. The effects in the optical domain is modeled through Fourier optics to
estimate deviations from the ideal binary phase reflection grating. The microfabrication
process involves bulk and surface micromachining for various device designs. The completed
thin-film PZT demonstrated an excellent dielectric constant of 1200 with a d3; of -100 £
15 pC/N. The released double-anchored membranes show grating period displacements up
to 8.3 nm (0.21% strain for a 4 pm period) at 9 V, in agreement with theory. The devices
are also characterized optically to infer the motion of the first diffracted order under actua-
tion, with a diffracted angular change estimated at up to 486 urads at 10 V. The responses,
in both theory and experiment, are linear with respect to the applied voltages, due to the
small-amplitude displacement. This analog tuning of the diffracted angles suggests immedi-
ate applications towards tunable optical network components — such as wavelength add/drop
filters, dispersion compensators and external cavity lasers — and miniaturized spectrometers.

Strain-Tunable Photonic Band Gap Microcavity Waveguide The concept of strain-
tuning of periodic microphotonic devices is extended to the photonic band gap microcavity
waveguide. In Chapter 4, design analyses are pursued through perturbation theory on the
finite-difference time-domain numerical experiments, in order to resolve the small-amplitude
perturbation with certainty. The design of the piezoelectric deformable membrane is strongly
aided with earlier developments on the tunable diffractive gratings. Other considerations
such as stress birefringence and bending losses are brought to bear. Process flow design,
detailed in Chapter 5, involves integration of micro- and nano-fabrication methods. To
improve the processing yield, thin-film sol-gel piezoelectric processing is pushed before X-
ray nanolithography of the photonic crystal. This necessitates the new process development
of sol-gel PZT wet-etching before annealing, to preserve the Si device layer quality of the SOI
wafer for the waveguide. Aligned X-ray nanolithography and waveguide process optimization
is also demonstrated. Experimental results demonstrate photonic band gaps on order 300
nm (~ 19% mid-gap frequency) and resonances at 1.55 pm wavelengths with @ on order of
160 - 280 for various device geometries. The waveguides, coupled through lensed fibers with
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laser diode sources, demonstrated optical intensity losses of 5 - 7 dB/cm. Dynamic tuning of
the resonances through strain perturbation is reported for the first time, to our knowledge.
The experimental results are in good agreement with theory, and suggests implications for
tunable photonic crystals, tunable filters for high-density optical integration, and tunable
low-threshold lasers.

6.2 Looking Forward

In this section, we present selected possibilities for future explorations, divided into three
sections: (1) tunable diffractive gratings, (2) other microphotonic elements for the strain-
tuning deformable membrane platform, and (3) tunable microcavity waveguide explorations.

6.2.1 Tunable diffractive gratings explorations

Future work for the tunable gratings include control of the residual stress in the thin-films
during device fabrication to reduce out-of-plane deflections. In addition, the introduction
of mechanical latches could be explored. This could consist of sinusoidal-like gears at the
membrane edges to maintain fixed displacements over time without the need for an external
applied voltage, or a mechanical ledge over the deformable membrane to constrict out-of-
plane deflections.
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Figure 6-1: Inclusion of the diffractive grating with an atomic force microscopy tip for
metrology applications. Top-view schematic shown.

A few applications for the tunable grating towards telecommunication networks were
investigated in more detail earlier in Section 2.4. These included dynamic dispersion —
chromatic and polarization — compensation, wavelength-selective switching, and thermal
compensation. In addition, the concept of a deformable grating can be explored towards
metrology with sub-nanometer resolution, such as: (1) inclusion into an atomic force micro-
scope as shown in Figure 6-1, or (2) as optical strain gauges [9, 13, 132]. The inclusion of
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inter-digitated gratings has been successfully demonstrated towards arrayed scanning probe
microscopy [104]; the illustration in Figure 6-1 shows an alternate design for inclusion of the
gratings in-plane with the atomic force microscope tip. Compared to the current atomic force
microscope cantilevers, in-plane actuation mechanisms can now easily be included, perhaps
to serve as an additional control parameter. Moreover, the use of interference patterns with
two input wavelengths will improve the detection resolution of the grating displacements.

6.2.2 Microphotonic elements for the strain-tunable platform

Tunable microring resonators The strain-tunable platform could also be implemented
for tuning microring resonators. Tuning of a microring resonator through vertical dielectric
slab perturbation on top of the microring has been demonstrated in the microwave regime,
such as by Yun [166]. The perturbation of the field at the microring in the optical regime,
however, requires vertical position control on the order of A. Closed-loop feedback control
with electrostatic capacitance sensing [112] or 0.1 A displacement! sensing with tunneling
tips [100] are possibilities to implementation. Alternatively, for the fine displacement con-
trol, we could employ a bulk piezoelectric stack following Yun or thin-film piezoelectrics. The
piezoelectric stack could provide the displacement range required, while with thin-film piezo-
electrics, we could design a bimorph (or multimorph) structure to achieve the displacements
necessary.

Another possibility, in the near term, would be to employ strain-tuning to the microring
(or micro racetrack) resonators with the strain-tuning platform as previously illustrated in
Figure 4-2. Trade-offs, subjected to design improvements, include tuning range, response
times, system level integration, tuning uniformity and repeatability. For strain-tuning, the
tuning in the optical response can be described simply as

AN AL
T :nefff (6].)

where L is the resonator total round-trip physical length, AL the change in L with strain-
tuning, n.ry the effective index [105], A the resonant wavelength, and A\ the change in
resonant wavelength. With n.ss order unity, the same fractional change in physical length
is reflected in the resonant wavelength. This contrasts to strain-tuning in the photonic band
gap silicon microcavity waveguide, as the strain is amplified mechanically through the stress
concentration at the holes, resulting in larger optical fractional changes (order 2 - 3 times) for
the same strain. For +0.1% strain (in the direction of the input and output bus waveguides)
on a micro racetrack resonator, the majority of the change in length AL will be along the
coupling length region. That is, % will be less than, but close to, 0.1%. From Equation 6.1,
this gives a A\ is approximately +1 nm for operation at 1.55 ym wavelengths.

!This high resolution is possible through the exponential dependence of the field on the gap between the
tip and substrate.
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This is comparable with thermal effects where a sensitivity of 40.11 nm/°C is reported
in GaAs [59]; that is, a 10 °C temperature increase gives approximately 1.1 nm increase
in resonant wavelength. In Si, the change in refractive index through the thermo-optic
effect 22 is estimated to be 2 x 107 /°C [29], which gives an estimate of AX of +0.9 nm
for a 10 °C temperature rise. In comparing piezoelectric strain-tuning and thermal tuning
for micro racetrack resonators, the same evaluation (as mentioned in Section 1.1 and also
on page 5.2.5) is valid: piezoelectric strain-tuning has a scalability advantage given each
active device requires only on order nW power consumption, has faster time response on
order MHz, and is able to achieve localized tuning below 10 um spatial separation. The
trade-off is the increased fabrication complexity, which includes thin-film PZT processing
and microfabrication to define a floating membrane, which must be overcame. In the case of
the micro racetrack resonators, the tunable range using either methods is about the same.
For small number of tunable devices on an optical chip, thermal tuning is therefore probably
sufficient; for high-density integrated optics with individual tuning of active devices required,
piezoelectric strain-tuning is the better candidate.

Tunable () for a 2D photonic band gap defect mode laser The strain-tunable plat-
form could also be implemented for a defect mode laser microcavity. A laser microcavity
with peak emission at 1.55 um, modal volume of 0.03 pm?® and @ of 250 was reported by
Painter et. al. [117]. By elongating a line of holes (or fractional edge dislocation), @) can be
tuned to above 1 x 10% [155], starting from a Q of ~ 2 x 103. We can apply the strain-
tuning concept for dynamic tuning of the laser microcavity @), to compensate for fabrication
mismatches in the elongated line of holes. In this example, the strain needs to be localized
at the line of holes; a possible design is illustrated in Figure 6-2. The schematic is not
drawn-to-scale: L; is > than Ly, with Ly on the order of 2 - 4 ym. A challenge to overcome
in this particular pursuit is the need for strains to be on the order of a few percent for the
modulation of ). Large displacement and large force actuators would be necessary in this
particular implementation.
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Figure 6-2: Design concept for localized strain, to perturb the elongated holes for dynamic
tuning of @) for a 2D photonic band gap defect mode laser.



6.2. LOOKING FORWARD 134

6.2.3 Tunable microcavity waveguide explorations

Dielectric slab perturbation for the microcavity waveguide Phase shifters, based
on the vertical mechanical control of a dielectric slab to change the effective index, have
been reported in the microwave and optical regimes [22, 91, 7, 73, 166]. This dielectric slab
perturbation, at the time of writing, is actively pursued for tuning of microring and micro-
racetrack resonators. This concept could also be applied to the microcavity waveguide. The
trade-offs between the vertical and in-plane perturbation are as follows:

1. For vertical perturbation, there is the need for accurate vertical positional control of
the dielectric slab due to the exponential dependence of gap separation.

2. For in-plane perturbation, there is the need to define the membrane and also physical
deformation of the optical structure itself.

We illustrated in Figure 6-3 such a concept for the microcavity waveguide in the near
term. The perturbed response is expected to have an exponential dependence on the gap
between the waveguide and the dielectric slab. This is due to the evanescent field of the
guided mode in the waveguide. This necessitates tight position control (~ A) at the smaller
gap (~ 60 nm) distances. Electrostatic capacitance plates with feedback control can be used
for actuation and sensing, in addition to the possibility of tunneling tips for displacement
measurements. Piezoelectric transducers, either as a stack or in a bimorph structure, could

also be used to achieve the fine gap control.

anchor
anchor

dielectric slab
tgap

anchor —

Figure 6-3: Vertical displacement of dielectric slab to perturb the field at the microcavity.
Electrostatic capacitors plates with feedback control or piezoelectric actuators could be used
to control the displacement.

The benefits of using dielectric slab perturbation with electrostatic capacitance plates
control, compared to the developed piezoelectric strain-tuning design, are the following:
i. a possible larger tuning range, together with binary on/off switching,
ii. no necessity to strain actual device structure, nor a need for a floating membrane
structure,
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iii. immediate compatibility with Si processing (although piezoelectric aluminum nitride
may be feasible in Si processes).
The disadvantages are mainly in the needed positional control of the slab, listed as follows:
i. a need for tight vertical displacement control (order A) due to exponential dependence
of the perturbed response on the gap
ii. a need for tight in-plane “parallel” motion — no out-of-plane tilt — to reliably control
the effective index.
There is also the requirement to fabricate two layers, the dielectric slab and a sacrificial layer,
although piezoelectric processing is arguably more difficult. A decision to choose dielectric
slab perturbation would therefore, in my opinion, shift the uncertainty in successful device
operation over to control of the dielectric slab, rather than fabrication of the piezoelectric
material. In summary, under the current piezoelectric strain-tuning design, strain-tuning
should be chosen if a reliable tuning range of order 10 nm is desired. For a wider tuning
range (expected on order of 30 - 40 nm), dielectric slab perturbation should be attempted.

Large strain actuators and devices For large strain tunability on order of 1% (which
corresponds to order 50 nm tuning range at 1.55 um wavelengths), two variations could be
included: (1) the use of integrated microscale strain-amplifiers with thin-film sol-gel PZT?,
and (2) the use of a polymer material as the optical confining medium and the deformable
membrane for a large strain limit. In the first variation, the strain-amplifiers could be
of geometry such as the moonie/bow/cymbal actuators reported [150, 20]. In the second
variation, the use of a polymer might lead to a lower index contrast. An for polymer
waveguides is typically on order of 0.6 reported at UV wavelengths [51], although An on
order of 1.7 have been developed for polymer optoelectronics [48]. The latter index contrast
is sufficient for modal localization of a possible resonance cavity.

The Haus hitless design for dynamic tuning of microcavity waveguides In addi-
tion to large strain tunability and dielectric slab perturbation possibilities, dynamic tuning
of the microcavity resonance as an optical filter for demand-based reconfiguration would lead
to optical signal losses during the tuning from one desired wavelength to the other. This
requires a by-pass or “hitless” switch such that the signals would be transferred to another
signal bus, during the filter reconfiguration. An invention by Professor H. Haus permits
a “hitless” design during dynamic reconfiguration. Another possibility is to employ a AS
waveguide optical switch that consists of two cascaded waveguide couplers, such as reported
by Kogelnik and Schmidt [79]. The propagation constants in the waveguides, 3; and (s, are
trimmed with an external applied electric field to effect power transfers between one or the
other waveguide. F%r example, the cascaded couplers can be designed with length [ and zero
1—P2

mismatch 0 (= 572) such that there is complete power transfer when there is no applied

2While single-crystal PZT will permit strains up to ~ 1%, there is a practical issue on the process
integration of such crystals with optical elements.
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electric field. When an electric field is applied such that 6 = @ 7, there is no power transfer
between the two waveguides. These “by-pass” switches are explorations in the near term to
enable the capabilities of the tunable microcavity optical filter.

Possible explorations with the static microcavity waveguide There are also possible
future explorations with the static microcavity waveguide. A possible all-optical reflection
switch with low switching energies on order of femtojoules was theoretically proposed with
an asymmetrical microcavity waveguide [86]. Using GaAs material (or In,Ga;_,As) for
the defect and Al,Ga;_,As (or InP) for the waveguide, the authors suggested a reflection
switch through absorptive (or dispersive) nonlinearities with an extinction ratio of ~15 dB.
Issues arises, however, on how to reduce reflection between the nonabsorptive-absorptive
interface and the two orders of magnitude change in the absorption required. There exists
the possibilities to pursue various geometries and materials.

In addition, the development of the microcavity towards waveguide intersections for vir-
tually negligible cross-talk is a possibility. Reported in Johnson et. al. [69], the addition of
a resonant cavity that respects the symmetry of two intersecting waveguides increases the
throughput from 75% to 90%, when compared with a conventional waveguide intersection.
The crosstalk decreases from 7% to 0.08%. The throughput is not unity, due to radiation
losses at the intersection and direct coupling from the input port into the transverse ports.
Intersecting waveguides with low cross-talk is a step towards the development of high-density
integrated optical circuits.

6.2.4 Summary

In this section, we described future possibilities for strain-tuning, both for other micropho-
tonic devices and for derived applications on the demonstrated tunable diffractive grating
and the tunable photonic band gap microcavity waveguide. These illustrations show the
wide-range applicability of strain-tuning, towards specific applications such as miniaturized
spectrometry, dispersion compensators and tunable filters in DWDM optical networks, and
integrated tunable filters and lasers in microphotonics platforms. In the latter application,
the possibility of post-fabrication trimming relaxes the fabrication tolerances and the use of
low-power piezoelectric microactuators allow for scalability in dynamic tuning to individual
active devices on a high-density integrated optical chip. Though challenges remain for mi-
crophotonics to be as prevalent as microeletronics, piezoelectric strain-tuning is a meaningful
step towards the physical realization of microphotonics platforms.



Appendix A

Fabrication Details Of Analog
Tunable Gratings

This appendix describes the microfabrication process flow of the analog tunable piezoelectric-
actuated gratings in detail. In addition, the mask layout for a single chip and a summary of
the designs across the wafer are illustrated.

A.1 Detailed process of analog tunable gratings

Beginning substrate:
N-type <100> 4" Silicon wafers
Double-side polished, 425-475um thickness, TTV<3um, Bow& Wrap<10um, 1-50 Q-cm

DONS-15 Fabrication Process Flow

Step 1: Create alignment and die-saw marks

Standard lum resist
Standard pre-bake
Standard thin photo
Standard post-bake
Standard 1um resist
Standard post-bake
1-2um Si etch
Standard piranha
Standard RCA clean

(coater, TRL)

(30mins, 90°C, prebake oven, TRL)

(EV1, ~3s, front-front, TRL)

(20min, 120°C, postbake oven, TRL)

(backside resist protection, coater, TRL)

(20min, 120°C, postbake oven, TRL)

(AMES000 “Undoped-Poly-Etch”, ~80A/sec, ICL)
(acid-hood, TRL)

(rca, TRL)

Version 1.15: December 06, 2001

Figure A-1: Detailed process conditions for analog tunable gratings (I).
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Step 2: Diffusion Barrier deposition
Split process (A): Si-rich Silicon Nitride (VTR SiNx)

e Target deposition: 2000A, LPCVD
e Location: ICL VTR

Split process (B): Wet SiO, (thermal)

e  Standard wet oxide growth.

e  Target thickness: 2000A.

e Processtime: ~20 £ 1 mins. Total: ~2.5 hrs (including tube ramp up).
e Location: ICL oxidation tube

Step 3: Create KOH backside mask
e PECVD SiNx deposition on backside (for Split Process (B) wafers with SiO2)

o Target deposition: 2000A (still just okay after 8hrs KOH) or more
o Location: ICL Conceptl (or TRL Plasmaguest)

e Frontsideresist protection (for the AMES000): 1um thin resist.

e RIE backside nitride

o Location: ICL AMES000 (Chamber A and B: both ~40A/s)
o Note: for Split process (B), also need to etch SiO, layer (2000A) together. SIO2 etch rate ~30A/s. Over-etch.

e  Standard piranha clean (acid-hood, TRL)

Step 4: Ti/Pt Bottom Electr ode Deposition and Lift-off
(Gold-contaminated after this)
e |mage Reversal photo and develop with AZ 5214

After HMDS, spin coat recipe: 6sec@0.5krpm, 6sec@0. 75krpm, 30sec@5krpm to get ~1.8um photoresist.
Prebake (30min, 90°C)

Expose (EV1 with mask; 1.0 to 1.4sec; 1.0sec preferred for DSP wafers)

Flat bake on hot plate in post-bake oven: (65 to 90sec, 120°C; 65sec preferred for DSP wafer as better conduction)
Flood exposure without mask: (60sec on EV1)

Develop (MIF 422, ~6-9mins for perforated gratings) — no post-bake required

Target Linewidth: 2um

Location: TRL, coater / oven/ EV1

Standard e-beam deposition

Target deposition: 200A Ti (Deposition rate: 1A/s) and <500°C substrate temperature

Target deposition: 2000A Platinum (Deposition rate: 2A/s)

Note: Use planetary plates for less contamination issues, though poorer lift-off profile.

Note: Very clean surface needed. Ensure beam is centered by pushing cover to the side when loading wafersinitially.
Location: TRL e-beam

Acetone lift-off on bottom electrode; followed by methanol and 2-propanol for cleaning.

e  Ultrasonic ~2-3mins for quicker lift-off and clearing lift-off residues.
e  Cleaning of solvents and contaminants with: acetone / methanol / 2-propanol and multiple rinse dumps.

Figure A-2: Detailed process conditions for analog tunable gratings (II).
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Step 5: PZT Deposition and anneal
e Spin-coat Mitsubishi PZT sol-gel: Pb(Zr,Ti)O3 -- 15% PZT(118/52/48) A6 Type
e Location: new MTL PZT dedicated spin-coater in TRL

e PZT 1% deposition: spin-co at 500rpm for 3s, 1500rpm for 30s, hot plate drying (pyrolysis) at 350-400C for 5mins
o Note: for 0.25um PZT layer, use 4 separate coatings, each ~0.06um
e Box furnace 1st Annealing: at 700C for 1min
e PZT 2™ deposition: spin-co at 500rpm for 3s, 1500rpm for 30s, hot plate drying (pyrolysis) at 350-400C for 5mins
e Box furnace 2nd Annealing: at 700C for 15min
o Note: under 0.25um PZT layer, use just one time annealing at 700C for 15min

e Location: TRL PZT dedicated box-furnace
Step 6: PZT Wet Etch Pattern

e  Pattern resist profile with 5um thick resist. 1um resist gives severe undercut.
e Wet etchant: 206 DI + 100 HCI + 16 BOE (7:1)
e Etching time: 90sec for 0.25um PZT layer. ~1min 50sec to 2mins 5sec (max) for 0.5um PZT layer.

o Note: Wet etchant of HNO3 and BOE (for the HF) is also possible, though reagent and etch rate not characterized.
Benefit isthe HNO3 should not be attacking Ti, though BOE (with the HF) still does.

e Note: BOE in etchant also removes the PZT residue in the free space areas and the oxide, though PZT crack
features engrained into Si substrate.

e Note: If dry etching of PZT:
e (1) ClI2/BCI3=10/30 sccm ratio; 150W RF power; etch rate expected: 0.15um/min; resist etch: 0.27um/min
o (2) Cl2/Ar=21/129 sccm ratio; 150W RF power; etch rate expected: 0.123um/min; resist etch: 0.47um/min
e Location: EML Plasmatherm

Step 7: Ti/Pt Top Electrode Deposition and Lift-off
e Image reversal photo and develop
e Note: Standard lift-off procedures as for bottom electrode, though not as stringent, as much larger features.
Developing time ~2-3mins

Target deposition: 200A Ti (Deposition rate: 1A/s) and <500°C substrate temperature
Target deposition: 2000A Platinum (Deposition rate: 2A/s)

Note: Use planetary plates for less contamination issues, though poorer lift-off profile.
Note: Very clean surface needed to match bottom electrode.

Note: Ensure beam is centered by pushing cover to the side when loading wafersinitially.
Location: TRL e-beam

Acetone lift-off on bottom electrode; followed by methanol and 2-propanol for cleaning.
e Ultrasonic ~2-3mins for quicker lift-off and clearing lift-off residues. Check for possible peel-off.
e  Cleaning of solvents and contaminants with: acetone / methanol / 2-propanol and multiple rinse dumps.

Figure A-3: Detailed process conditions for analog tunable gratings (III).
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Step 8: Pt Gratings Deposition and L ift-off
e Imagereversal photo and develop
o After HMDS, spin coat recipe: 6sec@0.5krpm, 6sec@0.75krpm, 30sec@6krpm to get ~1.8um photoresist.
Prebake (30min, 90°C)
Expose (EV 1 with mask; 1.0 to 1.2sec; 1.0sec preferred for DSP wafers)
Flat bake on hot plate in post-bake oven: (65 to 90sec, 120°C; 65sec preferred for DSP wafer as better conduction)
Flood exposure without mask: (60sec on EV1)
Develop (MIF 422, ~6-9mins for perforated gratings) — no post-bake required
Target Linewidth: 2um
Location: TRL, coater / oven/ EV1
Note: be sureto try DSP/diffusion barrier/Pt/Ti dummy wafers before real device.
Standard e-beam deposition
Deposition rate: 2A/s for device uniformity and <500°C substrate temperature
Target deposition: 1580A +/- 10A Platinum (aim for 1500A as TRL e-beam might over-deposit.)
Location: TRL e-beam

o Acetonelift-off at TRL, SolventHood; followed by methanol and 2-propanol and multiple rinse dumps for cleaning.
e Ultrasonic ~1-2mins for quicker lift-off and clearing lift-off residues, not more in case of peeling off.

Step 9: Si backside KOH etch
(Performed at Schmidt Group laboratory)
e FEtchant: 20% KOH (3litre DI and 750g KOH pellets)
e Target etch depth: wafer etch-through of measured thickness (450 +/- 25um)
e Apiezon Wax W (black wax) protection, with quartz wafer or glass mask.
Heat quartz/glass up to ~200F before applying thin wax layer vertically onto quartz/glass.
Extend wax cover over edge of quartz/glass so that it will be fine after 8hr KOH etch.
Place wafer / wafer part with device side to wax. Press softly on wafer part to remove air pockets on frontside.
Seal carefully wafer edges with thick layer of wax.
Cool down combined part slowly for good adhesion of wax to key regions of device.
e  Etch condition: 6hrs32mins at 75C (etch rate: 1.06um/min to 1.10um/min; etches about 395um)
(Break interval at about 3.5hrs to check adhesion of black wax and to wash under DI water. Re-strengthen
black wax is necessary.)
Followed by ~73-95minsat 65C (etch rate: 0.6um/min). Approximated etch timeis ~83mins.

o Note: To leave several microns of silicon remaining for RIE to release structure.
Detection possible via Schmidt Group microscope under which the silicon punch-through areas become
translucent. With PZT above, it actually fluoresces with a pink color.
o Note: Allow KOH bath to reach 75C before adding wafer. And allow bath to reach 65C before placing wafer in
agan.
e Removal of Apiezon Wax W with Xylene, trichloroethylene (TCE), or Toluene.
e Location: Schmidt Group KOHhood

Step 10: Si backside RIE release etch
(Performed at EML)
e S etchant gasesto remove remaining silicon layer.
o Note: place new clean wafer on device side (when device is flipped over) to prevent contamination.
o Note: if TRL Plasmaquest under etch recipe “ Sietch.rcp”, etch timeis about 10 to 30mins. Do 5min stepwise check
after the first 10mins.
e Location: EML Plasmatherm

Figure A-4: Detailed process conditions for analog tunable gratings (IV).
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A.2 Mask layout and design summary of analog tun-
able gratings

A 4 B. . C. -+

gratings on free cantilever
/

/

i —

D. E. F.
gratings on double-anchored
membrane /
/
/
[] | [T | C—3
G. H. L.
gratings on perforated
double-anchored membrane
/
/
| Il | —
+ +

Figure A-5: Mask layout for a single chip with analog tunable gratings: (A) Test element
for 2 pm diffractive gratings lift-off, (B) Device: free cantilever with gratings, (C) Test
element for Pt top electrode, (D) Test element for Pt-PZT-Pt structure, (E) Device: double-
anchored membrane with gratings, (F) Test element for PZT-Pt structure, (G) Test element
for backside KOH, (H) Device: perforated double-anchored membrane with gratings, (I) Test

element for Pt bottom electrode.
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DONS-14 Mask Set Summary
empty 14a empty
d1601 d1604
14c 14d 14d 14f
d1605]d1606 d1609|d1610
l4e  |14a 14a | 14b
d1611|d1612|d1613[d1614]|d1615]d1616|d1617|d1618
141 14h 14h 14g
d1619]d1620 d1623|d1624
l4c  |14d 14d | 14f
d1625|d1626 d1629[d1630
14e 14a 14a 14b  [14b
d1632]d1633 d1636|d1637|d1638
141 |14h 14h | 14g
d1639]d1640 d1643|d1644
empty 14a empty
d1645 d1648
DONS-14a: - Primary structure
- 2 um grating
- 450 wum PZT length
- 150 pm contact pad
- separated perforated membrane
DONS-14b: - like primary structure, but with separated contact pads
- separation gap: 10 um
DONS-14c: - like primary structure, but with crab-like perforated membrane
- 6 um period grating, instead of 2 um, for more mechanical strength
DONS-14d: - water-immersible active cantilevers
DONS-14e: - like primary structure, but with 500 um contact pads
DONS-14f: - like primary structure, but with 200 um PZT length
DONS-14g: - like primary structure, but with 200 um PZT length and 500 um contact pads
DONS-14h: - like primary structure, but with 200 um PZT length and 500um contact pads
- and with separated contact pads
DONS-14i: - like primary structure, but with 200 um PZT length and 150 um contact pads

and with 4 um grating period

Figure A-6: Summary of design matrix for analog tunable gratings. Shown also are the
locations of the chips on a wafer. A water-immersible active cantilever is also included in
the design and fabrication.



Appendix B

Other Design Considerations Of The
Photonic Band Gap Microcavity
Waveguide

This appendix reiterates and highlights design considerations on the high-contrast dielectric
waveguide, as analyzed by Foresi, Lim and Lee et. al. [32, 93, 90], and the microcavity pho-
tonic crystal as analyzed by Fan [27] — two of the building blocks of the tunable microcavity
waveguide.

B.1 Design considerations on high-contrast dielectric
waveguide losses

The waveguide primary design has an index contrast of ~ 2.0, 200 nm thickness and 500 nm
width. This cited thickness permits only the fundamental TE (electric field in horizontal
plane of waveguide) mode to be guided. The TE mode profile, as illustrated by Foresi [32], is
well-confined although more so vertically than horizontally. With the higher mode amplitude
at the sidewalls than the top interface, thus, sidewall roughness is pertinent to determining
waveguide losses in this primary design.

Sidewall losses were considered with the following three effects: (1) roughness amplitude
and auto-correlation length [90], (2) cladding index, and (3) wavelength dependences. For
a root-mean-square sidewall roughness of 1 nm and a auto-correlation length of 10 nm, a
loss of 0.1 dB/cm is theoretically estimated by Lee [89]. Sidewall roughness also accounts
for polarization dependent losses, with preferential attenuation in the TE mode [93].

The buried oxide insulator layer strongly defines the waveguide losses. As shown in
Figure B-1 from Foresi’s work !, an oxide thickness of order 700 nm is needed to limit losses,

!The losses are calculated with the Beam Propagation Method [54] where the eigenmodes are first found
from a waveguide without the substrate.
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due to extension of the mode into the substrate, to less than 1 dB/cm.
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Figure B-1: Waveguide losses, from mode extension into substrate, against buried oxide
insulator thickness for various waveguide geometries as calculated by Foresi [32].

The device material is also selected, from the currently available technologies, to minimize
losses. The possibilities are Unibond (hydrogen implantation and wafer bonding), PolySi
(amorphous silicon deposition and annealing), BESOI (wafer bonding and etch back) and
SIMOX (oxygen ion implantation) substrates. The following effects are considered in the
device layer for low losses: (1) top surface roughness, (2) thickness uniformity, and (3)
defect and doping levels. SIMOX wafers typically have thinner oxide thickness — below
the 700 nm desired — due to the direct oxygen implantation technique. BESOI wafers
typically have thicker device layers than required, with large thickness variations (on order
of 10%). They also have high free carrier concentrations on order of 10 cm™3, leading to
higher losses. PolySi, annealed after deposition to produce a lower surface roughness, has
a lower crystallinity than single-crystal Unibond and thus higher losses, although it has the
advantage of being able to contribute in multi-layer device structures. Unibond wafers are
capable to reach the desired device layer and oxide layer thickness, with low free carrier (10
cm™3) and defect concentrations (10° cm™2). With these considerations, Unibond wafers are
chosen for initial concept demonstration. The wafers are chosen with device layer thickness
close to 200 nm, oxide thickness at least 1 um, top surface roughness controlled to less than
1 nm, and low free carrier and defect concentrations.
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B.2 Effects of variation on primary photonic crystal
design

The effects of random disorder on the microcavity waveguide is briefly discussed by Joannopou-
los [61]. The disorder could arise in the device fabrication, such as the Cr lift-off or reactive
ion etching steps. For disorders at 5% waveguide width (or 23 nm of a 468 nm width), there
is still little effect on the resonance . This is due to: (1) the small fraction of the disorder
length compared to the wavelength, and (2) the concentration of the energy at the middle
of the cavity and hence little effects from variation at boundaries.

(@, as described in Section 4.3.3, is dependent on the number of holes on each side of
the microcavity. In the Fabry-Perot analogy, as the number of holes increases, the effective
dielectric mirror reflectivity increases and thus the resonance finesse increases. In the double
potential barrier tunneling analogy, as the number of holes increases, the potential barrier
increases. The @) increase together with the number of holes is seen in a computation by
Fan [27], as reiterated in Figure B-2. In this particular plot, @ is found to be 271 for three
holes on each side of the microcavity?. As even more holes are added (more than six on
each side), there is more significant coupling to the continuum modes and there will be
light leaking outwards. Therefore, there is an optimal number of holes for the microcavity
waveguide.

2,000 : . r : .
1,500 | ]

1,000 |- ]

Cavity Q

500 | J

0 [ I ] ] 1
1 2 3 4 5 6 7

Number of Holes

Figure B-2: Quality-factor ) against the number of holes on each side of the microcavity,
as calculated by Fan [27].

A design for a TM-like mode in the microcavity is also suggested in Fan [27]. Essen-
tially, this consists of rotating the microcavity waveguide by 90°. The electric fields are
now predominantly in the vertical direction, with the first band (lowest frequency mode)

2This @ is computed for an air-bridge design. @ computed for a monorail is cited as 172 [27].
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concentrated in the dielectric (just as before). To ease planar fabrication of the TM-like mi-
crocavity, the holes, standing on its side, could be replaced with vertical rods from reactive
ion etching. With such rods, the dielectric material will be disconnected and the band gap
smaller, although TM-like resonant modes are now possible.

B.3 Computational scheme for strain-perturbation on
microcavity waveguide

load FDTD field values |

v

| reshape field matrices |

v v

for each z-slice

| load input parameters ||

I . }

Figure B-3: Summary of computation scheme for strain-perturbation on microcavity waveg-

get E-fields and D-displacement
in region of interest

compute elliptical mechanical
displacements from Timoshenko

v

v

interpolate E and D along
dielectric boundaries and
between FDTD “nodes”

compute sensitivity of total
boundary displacement against
perturbation

v

v

v

compute top and

of Hellman-Feynman theorem

bottom integrals

A

A

sum integrals

resonance shift for a given
perturbation

and compute

uide for a given perturbation.




Appendix C

Fabrication Details Of Photonic Band
Gap Microcavity Waveguide

This appendix describes the micro- and nano-fabrication processing of the strain-tunable
photonic crystal in detail, along with considerations in process integration. The contents of
this appendix are:

1. Detailed process flow of strain-tunable photonic crystal. The process to create X-ray
masks is briefly mentioned.

2. Mask layout for a single chip, depicting locations on the chip.
3. Optimized etch results for high-contrast dielectric waveguides.

4. Electron beam lithography dosage variation and design matrix for microcavity waveg-
uides.
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C.1 Detailed integrated process flow of strain-tunable
photonic band gap microcavity waveguide

ATPC-1-11 Fabrication Process Flow

Version 1.3: Jun 27, 2002 Version 1.4: Jul 22, 2002 Version 1.5: Sep 12, 2002
Version 1.6: Oct 04, 2002 Version 1.7: Dec 25, 2002 Version 1.8: Dec 27, 2002
Version 1.9: Feb 14, 2003 Version 1.10: Feb 22, 2003 Version 1.11: March 22, 2003 (final)

Beginning substrate: Unibond 4" SOI wafers from SOITEC, 2000A FZ active Si material (surface roughness RMS <2A and max-min
<15A); 10,000A buried oxide; 525um CZ <100> SSP P-type substrate with <100 dislocations/cm?

Stage A: Substrate preparation

Step 1: CM P poalishing of backside SOI
e 5um AZ 4620 thick resist deposition on front-side as protection during CMP (coater, TRL)
e CMP polishing of backside (CMP, ICL)
e Double-piranha after CMP for entry back into TRL

Step 2: Create Si trench for PZT and alignment mar ks— mask: atpcl8trench
e Standard 1um OCG 825 resist (coater, TRL)

e Standard pre-bake (1 hr, 90 °C, prebake oven, TRL)

e  Standard thin photo (EV1, ~20 s, front-front, TRL)

e Standard post-bake (30 min, 110 °C, postbake oven, TRL)

e Standard lum resist (backside resist protection, coater, TRL)

e Standard post-bake (30 min, 110 °C, postbake oven, TRL)

e aleast0.2umSi etch (STS1 “stshallo.set” recipe, etch rate ~ 0.2 um/min: do two minutes for over-etch)
e  Standard asher (asher, TRL)

e Note: Si trenchesare for PZT to be in contact with SiO, membrane

Step 3: Create SiN, backside mask for KOH — mask: atpc18koh
e PECVD SiNx deposition on backside
o Target deposition: 3000 A (okay for 8hrs KOH)
o Location: ICL Conceptl (or TRL Plasmaguest)
e Frontsideresist protection (for the AMES000): 1um thin resist.

Figure C-1: Detailed process conditions for strain-tunable photonic band gap microcavity
waveguide (I).




C.1. DETAILED INTEGRATED PROCESS FLOW OF STRAIN-TUNABLE
PHOTONIC BAND GAP MICROCAVITY WAVEGUIDE 149

Process is Au-contaminated after this step
e RIE backside nitride
o Location: TRL Plasmaquest (“etchSiN.rcp”: etchrate~5—10 A/s)
e Standard piranha clean (acid-hood, TRL)
Stage B: Createthin-film PZT actuators

Step 4: Patterning of Pt bottom electrode — mask: atpcl8bte (use backside alignment)
e |mage-reversal photoresist development (per Endnote)
Standard E-beam deposition
Deposition rate: 1 A/sfor device uniformity and <500 °C substrate temperature
Target deposition; 2000 A Pt and 200 A Ti
Location: TRL, Ebeam
Note: use aluminum foil and drop of resist to protect alignment marks so that no overlap of alignment marks.
Note: place Pt bottom electrode close to waveguide to reduce amount of oxide etching in membrane. Pt bottom
electrode should not be too close to waveguide, to prevent coupling between metal and dielectric.
e Note: use Pt/Ti target source each time for excellent bottom electrode quality

Step 5: PZT deposition
e  Spin-coat Mitsubishi PZT sol-gel: Pb(Zr,Ti)Os
Location: TRL PZT dedicated spin-coater
PZT deposition: spin-coat at 500 rpm for 3 s, 1500 rpm for 30's, hot plate pyrolysis at 350 C for 5 mins
Note: ~ 0.2 um PZT layer per coat (thick sol)
Location: TRL PZT dedicated coater

Step 6: PZT patterning — mask: atpc18pzt (use backside alignment)

e Pattern AZ 4620 resist profile with 5 um thick resist. 1 um resist gives severe undercut.

e Wet etchant: 200 DI + 100 HCI + 15 BOE (7:1)

e FEtching time: ~ 5 sec for 0.3 wm unannealed PZT

e Note: depending on the sol and conditions, some wafers require up to 90 sec for 0.25 um PZT layer. ~2 min (max)
for 0.5 um PZT layer.

e Note: Wet etchant of HNO; and BOE (for the HF) is aso possible, though reagent and etch rate not characterized.
Also HNO3 / HF / CH3COOH solution is an isotropic etching solution for Si [Robbins and Schwartz].

e Benefit isthe HNO; should not be attacking Ti (HCI does), though BOE (with the HF) still does dlightly.

e Note: the diluted BOE etches ~ 10 — 20 nm of oxide.

e Note: use acetone/ methanol / iso-propanol to remove photoresist, though asher is possible (though unsure of effect
on PZT)

e Note: after DI water wash, dry on hot plate at 100C for about 15 minsto remove any possible solvent.

Step 7: PZT annealing
e Place wafer on annealing boat, and both on hot plate at 350 C for 5 mins, as intermediate heat-up step.
Box furnace annealing: at 650 C for 30 mins (or 700 C for 15 mins, with larger thermal shock).
After annealing, open furnace and move boat out onto opened furnace door and leave it there for ~ 1 min.
Then place on 350 C hot plate for 5 mins, as intermediate cool-down step.
Then place on 75 C hot plate for 5 mins, to step down cooling.
Note: 15 min thermal oxidation at 700 C has ~5.5 nm oxide growth on Si waveguide
Location: TRL PZT dedicated furnace

Figure C-2: Detailed process conditions for strain-tunable photonic band gap microcavity
waveguide (II).
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Step 8: Patterning of Pt top electrode — mask: atpcl8tope (use backside alignment)
e |mage-reversal photoresist development (per Appendix)
Standard E-beam deposition
Deposition rate: 1 A/sfor device uniformity and <500 °C substrate temperature
Target deposition: 2000A Platinum and 200 A Ti
Location: TRL, Ebeam

Step 9: RIE Patterning of SiO, membrane — mask: atpcl8oxide (use backside alignment)
e  Standard photoresist development
Thickness of SiO, membraneis~ 200 nm
Recipe: “etchSiO2.rcp” (CF4/ Hel H, / 100W); etch rate: ~ BA/s.
Location: TRL, Plasmaquest
Note: SiO, etching only now instead of before bottom electrode deposition, so as to prevent step-height inimage
reversal resist during bottom electrode processing. But should be okay for before bottom electrode deposition too.
e Note: SIO, areais covered under PMMA during X-ray lithography so the area will not be covered by Cr.
o Cleave wafer into quarters for usage with NSL X-ray Head5; target mount on 3" handle wafer with thick resist.

Stage C: in Nanostructures L aboratory to create photonic crystal waveguide

Step 10: Creation of Cr mask through X-ray lithography of PMMA —PBG v2.1 X-ray mask

e PMMA (positive resist) spun onto SOI wafer - 3krpm 60sec coating for 230nm PMMA

e “Mother” and “daughter” mask created in NSL, see Appendix

e Daughter mask brought into close contact with substrate, with Al studs for separation

e Under 20x objective for alignment (+/- 2-3 um needed) done with X-ray Head5: 20x used for sufficient
magnification and sufficient depth-of-view

e  X-ray exposure of PMMA: ~21.5 hrs on Head5 with piezoel ectric z-control stage;
source-to-substrate distance is ~ 12 cm; O, ppm ~ 200; vacuum < 1 x 10°%; 27 —30 hrsin X-ray Head1

e PMMA developed in methyl-isoButane-ketone:iso-propanol (1:2) at 21°C for 20 — 90 sec;
monitor PMMA devel opment with AFM

e  500A Cr evaporated onto sample

e Lift-off of Cr, through 1-methyl-2-pyrrolidinone dissolving of PMMA at 90°C, to form Cr mask.
Ultrasound in lift-off for ~ 2 mins, while holding on beaker.

e Location: NSL X-ray Head 5, NSL evaporator, NSL flow hood

Note: PMMA developer does not affect PZT properties asit is a solvent.

Note: PMMA coverstop electrode region so there is no adhesion of Cr to Pt area.

Note: 10dB Au absorption above PZT actuators to prevent any damage to PZT

Note: 500nm PZT will lead to increase separation, but will not affect X-ray fidelity on waveguide width and holes
Note: After PMMA exposure and also after Cr lift-off, check alignment before Si etch.

Figure C-3: Detailed process conditions for strain-tunable photonic band gap microcavity
waveguide (III).
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Step 11: Si waveguide RIE — Cr hard mask, inverse of PBG v2.1 X-ray mask

Etch plasma: CF,/ O, (13.5scem/ 1.5 scem ) with 10 mtorr pressure and 300 V DC bias

Power, though not controllable, is~ 120 W.

Etch time: ~ 15 mins. Thisislonger than test structure as Si etch is highly non-uniform with Pt electrodes near to Si
waveguide. This extra-timed etch isto make sure the Si is etched distinctly.

On test structures (without Pt el ectrodes beside waveguide) etch rate: ~ 19 — 26 nm/ min, with total etch time of ~
478 — 660 sec (depending on power) for 212 nm waveguide

Follow up with a SiO, etch, using CHF3. Etch rate: ~ 50 nm / min. Etch about 3 - 5 mins for 0.3 wm deep into oxide.
SiO, etch recipe: 300V (controlled), 138W, 15 sccm CHF5, 10 mTorr.

If necessary to do atrim etch (to thin down the Si waveguide thickness), do it after the Cr mask removal, for not
more than 1 min. Etch rateis~ 19 — 26 nm/ min for our etch recipe.

Location: NSL Plasmatherm

Note:  place thick photoresist with cotton swabs on alignment marks to prevent them from getting etched away.
Bake thick resist for 60 mins at 90C.

Note: CF,/ O, RIE for 15minsin Plasmatherm did not affect any of the PZT properties. There seemsto be a

deposition over the PZT (resulting in different visual color of the PZT), but electrical properties after CF,/ O, RIE

still fine. Substrate temperature should be kept low for precaution. Also, Cl,/BCl3 (20/20 sccm) is used as plasma-

etch for PZT.

Step 12: Removal of Cr mask

Wet-etch removal of Cr mask

Etchant: perchloric acid (HCIO4) and ceric ammonium nitrate Ce(NH4)2(NO3)6

Do “descum.rcp” in NSL Plasmatherm for 4 mins before the Cr etch, in order to wet-etch remove the Cr cleanly.
With “descum.rcp”, Cr etch takes about 2 mins. Without “descum.rcp”, Cr does not etch cleanly and takes at |east
15 mins.

Location: NSL flow hood

Note: PZT etchant isHCL/BOE or HNO4/BOE.

Note: etchant does not attack PZT / Pt / Ti films after placing it in for 15 mins.

Figure C-4: Detailed process conditions for strain-tunable photonic band gap microcavity
waveguide (IV).
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Stage D: Creation of thin-membrane and cleaving of Si waveguides

Step 13: Patter n photoresist for XeF2 protection — mask: atpcl8oxide

Note: photoresist work is done before die-saw and XeF2 to have rigid substrate to work on

Note: pattern resist by mounting quarter wafer (with tape) on full wafer chuck, so that vacuum still okay!

Note: use sectional alignment marks for quarter-wafer alignment.

Only 5 um thick resist to be used because of contour profilein device. (Thin resist is attempted but does not develop
away in the oxide trench region.) Develop time of thick resist not more than 2 mins, as uneven resist profile will be
remove for longer than 2 mins development time.

Photoresist must cover input/output faucets of Si 2000A waveguide (as protection and for XeF2 rel ease etch)
Photoresist must cover top and bottom electrode so that XeF, does not attack Ti layer of top and bottom electrodes,
causing separation

5 um standard photoresist development (5 wm resist is able to withstand a4 hr XeF, etch)

Location: TRL, EV1

Step 14: Partial die-saw for aligned wafer cleaving

(Step 14b: Polish

Partial depth die-saw to allow easy cleaving as the final step, especially with membrane aready released in fina
step. Cleave in the other direction before die-saw in orthogonal direction. Die-saw through full-length of device.

Flip substrate upside-down to alow backside to be reached. Use three UV tape (each 268 um) to create physical
separation between the substrate and the die-saw chuck.

Single wafer die-saw (mode C), with 176 um Si depth remaining after die-saw. Do not blow air-gun into substrate as
thiswill cleave substrate.

Note: cleaving must be final step, so that photoresist will be protecting entrance of waveguide during XeF, release.
Location: ICL die-saw

waveguide facet)

Waveguide polishing performed with vertically mount for polishing

Protect with resist against residue on waveguide and photonic crystal holes

Location: Akinwande group

Note: yield possibly low with breaking of thin membranes, even with photoresist support.

Wafer cleaving with partial die-saw produces sufficient clean cleavage for coupling into waveguide.

Step 15: XeF, dry-release of membrane, dry-ash of resist and cleave

Etch-rate for release of membrane: ~ 10 um/ min.

Note: use 10 sec for XeF, transfer time and 60 sec for etching time, with 120 sec venting time.
Note: do Plasmaquest oxide RIE of ~ 10 mins to remove any native oxide before XeF, etch.
Note: ~ 6 — 10 cyclesto release structure.

Note: Etch-rate depends on open surface area, and can be anywhere between 1 — 15 um/min.

use TRL asher to remove resist. Ashing time for 5 um thick resist: 60 mins removes resist.

Note: do not over-ash (i.e. not more than 60 mins), as over-ash might etch away the Si waveguide.

Option 2 to removeresist - O, plasma at NSL Plasmatherm. Possibility of burning resist, affecting waveguide facet,
and unsure of resist removal in sub-micron holes of waveguide.

Option 3 to remove resist — Wet removal with acetone / methanol / iso-propanol. Possibility of breaking fragile
membrane and remaining solvent on waveguide facet. Surface tension at sub-micron holes should not result in
solvent remaining (as wet-etch used to remove Cr in X-ray litho).

Cleave partialy die-sawed chip, using glass dides and tweezers.

Figure C-5: Detailed process conditions for strain-tunable photonic band gap microcavity
waveguide (V).
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Endnotes

Image Reversal photo and develop (with AZ 5214E)

X-ray “mother”
[ )

Standard 1um coating line (after HMDS)

Prebake (30min, 90°C)

Expose (EV1 with mask)

Flat bake (90sec, 120°C)

Flood exposure (60sec on EV1)

Develop (MIF 422, 1min until clear) —no post-bake required
Target Linewidth: 2um

Location: TRL, coater / oven/ EV1

mask creation

3.0 um thick SiN, membrane supported on pyrex ring

Spin-coat 2500A PMMA mask mask (3krpm spinning of 3% PMMA with ~ 230nm PMMA thickness)
Direct write e-beam to create negative feature in PMMA

(Field size of e-beam is ~ 125um with pixel sizes of 7.0nm)

(Length of waveguide ~ 2.0mm; with facet (7um at opening end) and 6° tilt)
(Mask layout consists of straight WG, PBG WG and microcavity PBG WG)
Control of field stitching isimportant for features greater than field size.

Develop of PMMA

Thin-layer of metallization on SiN, membrane to provide contact for electroplating
Resulting features filled with 2000A Au by electroplating (NSL, ~ 20nm / min plating rate)
Au provides ~10dB of absorption for incident x-rays from Cu source

X-ray “daughter” mask creation

3.0 um thick SiN, membrane supported on pyrex ring

Aluminum studs evaporated onto daughter mask (after completion of PMMA / electroplating devel opment)

PMMA spun onto daughter mask (2.5krpm spinning of 3% PMMA with ~ 250nm PMMA thickness)
Mother mask brought into close proximity to daughter mask

Exposure of PMMA, though mother mask, with x-ray to transfer pattern
Daughter mask developed and electroplated to form the correct polarity for pattern transfer

Figure C-6: Detailed process conditions for strain-tunable photonic band gap microcavity
waveguide (VI).
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C.2 Mask layout of strain-tunable photonic band gap
microcavity waveguide

: + DONS device 1
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Figure C-7: Mask layout with mirror-symmetrical (horizontal and vertical) segments A, B,C,
and D on the wafer. The five different chips in each segment, as labeled, are: (a) strain-
tunable photonic crystal, (b) DONS device 1, (¢) DONS device 2, (d) Nanoservo, and (e)
water-immersible cantilever. The space layout on the mask is designed to be compatible
with the X-ray masks.
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C.3 Optimized RIE conditions for high-contrast dielec-
tric waveguide

200 sec, with 393 V and 265 W

x100000 Z00nm r—— SkuU Smm
H#26 CrHaskRIE
512 x 512 RIE3A3S.TIF

#
x100000 Z00nm w—-
CrHask

HZS
X34686 Y1TT66

Figure C-8: Etch conditions: CFy / Oq at 13.5 / 1.5 scem ; 20 mtorr; 400 V DC bias. Etch
rate: 52 nm/min.



C.3. OPTIMIZED RIE CONDITIONS FOR HIGH-CONTRAST
DIELECTRIC WAVEGUIDE 156

200 sec, with 294 V and 194 W

Z200nm
CrHas
Y3409

340 sec, with 293 V and 195 W

*x100000 Z00nm
CrHMoaskRIE

HZS
X43485 Y34689

Figure C-9: Etch conditions: CF4 / Oy at 13.5 / 1.5 scem ; 20 mtorr; 300 V DC bias. Etch
rate: 36 nm/min.
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200 sec, with 295V and 191 W

*X100000 200nm
HZE6 CrHoskRIE
RZz084 TY3I3645

340 sec, with 293 V and 189 W

x100000 200nm —m—M————

520 sec, with 294 V and 193 W

x100000 Z00n
H28 CRHMASKRIE
X44842 Y34949

Figure C-10: Etch conditions: CF, / O at 13.5 / 1.5 scem ; 10 mtorr; 300 V DC bias. Etch

rate:

20 -26 nm/min.
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C.4 Electron beam lithography for microcavity waveg-

uides
A. 446 nClem? (430 KHz) B. 400 uC/cm? (480 KHz)

Figure C-11: Variation in electron beam exposure dose, through different beam scanning
frequencies, on the microcavity waveguide geometry. SEM shows profile after Cr lift-off with
PMMA. Design details in the electron beam layout are listed in Figure C-12, page 159.
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Design nomenclature waveguide a_defect (hnm)  w (nm) Comments
Design A 1 589.4 468
2 468
3 468
Design B 4 610.5 468
5 468
6 468
Design C 7 626 468
8 468
9 468
Design D 10 631.5 468
11 468
12 468
Design E 13 652.6 468
14 468
15 468
Deisgn F 16 662.5 468
17 468
18 468
Design G 19 673.6 468
20 468
21 468
Design H 22 694.7 468
23 468
24 468
Design | 25 715.7 468
26 468
27 468
Deisgn C 28 626 468
29 468
30 468
Design F 31 662.5 468
32 468
33 468
Design J 34 712.5 440
(same as Design C, but smaller width) 35
36
Design K 37 525 440
(same as Design F, but smaller width) 38
39
Design L (same as Design F, but with three holes) 40 662.5 468
Design M 41 667.5 555 a =439 nm
42
43
Design N 44 630 497 a =439 nm
45
46
Design O 47 662.5 468 2 holes on one
(same as Design F, but asymmetrical holes) 48 side ; 4 holes on
49 the other side
Design P (14% increased physical size) 50 7125 525 a =475 nm
51 r =119 nm
52
Design Q (16% decreased physical size) 53 525 388 a =350 nm
54 r=87.5nm
55
Design R (transmission waveguides) 56 - 468
57 - 468
58 - 468
59 - 468
60 - 468

Note: Lattice constant a fixed at 421 nm; hole radius r at 106 nm;
waveguide thickness t at 200 - 212 nm.

Figure C-12: Design matrix of microcavity waveguide for electron beam lithography.
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