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Reference oscillators are ubiquitous elements used in almost every electronics sys-
tem today. The need for miniaturized, batch manufacturable oscillators as chip-
scale timing references arises from the quest to replace the well-established, high
performance yet expensive quartz-based oscillators, without compromising perfor-
mance. The electrical specifications of an oscillator depend on the application it
serves, which has resulted in a variety of different mainstream oscillator technolo-
gies. Consumer RF applications can broadly be classified mechanical oscillators
and electrical oscillators. In mechanical oscillators, the frequency selective ele-
ment is a mechanical resonator, and typically quartz is the material of choice
for high-end applications. For less demanding and cost-sensitive applications,
micro-electromechanical (MEMS) resonators, being CMOS compatible and high
quality factor resonators, offer a unique set of parameters well-suited for oscilla-
tor design. Electrostatic capacitive transduced silicon resonators and piezoelectric
transduced thin film bulk acoustic resonators (FBARs) are commercially available
for MHz range and GHz range applications respectively. Scaling MEMS oscillators
to higher frequencies presents challenges in terms of reduced transduction efficien-
cies and material limitations on quality factors. Opto-mechanical transduction
offers higher sensitivity and opens up possibilities to interrogate high frequency
mechanical resonances hitherto inaccessible. The focus of this thesis is to leverage

opto-mechanical transduction to design high frequency high performance MEMS



oscillators and exploring various designs and fabrication techniques to realize these
devices.

This disertation explores two classes of oscillators, namely the opto-mechanical
and opto-acoustic oscillators. The former oscillator type exploits parametric am-
plification and does not require external electrical feedback to sustain oscillations,
thus doing away with a dominant noise source. To eliminate coupling environmen-
tal noise to the oscillation signal, the opto-mechanical resonator was fabricated on
a silicon nitride chip with waveguides and grating couplers integrated on to the
same chip. The device was used to demonstrate self-sustained mechanical oscil-
lations at 41MHz with phase noise -91dBc/Hz at 1kHz offset from carrier. The
integrated design results in immunity of the oscillation signal from environmental
flicker noise. Designing low phase noise opto-mechanical oscillators for GHz range
frequencies is very challenging, the limitations being mainly imposed by the effi-
ciency of the optical drive scheme. A design worth exploring to overcome this lim-
itation is the acousto-optic modulator designed and developed in the OxideMEMS
lab, which marries the highly sensitive optical sense scheme with electrostatic ca-
pacitive transduced drive scheme. Operating the modulator in a feedback loop as
an opto-acoustic oscillator has been realized by using the device as an intensity
modulator. However the two-coupled opto-mechanical resonator design cannot be
successfully scaled to design an oscillator at frequencies beyond GHz. An alter-
native efficient transduction scheme of interest for GHz range MEMS resonators
is partial air gap capacitive transduction. Exploiting partial air-gap transduction
using alumina in addition to designing an array of resonators employing a micro-
mechanical displacement amplifier, an opto-acoustic oscillator employing a higher
order radial mode at 2.1GHz was demonstrated. The oscillator has RF output

power of +18dBm and phase noise -80dBc/Hz at 10kHz offset from carrier. The



inherent non-linearity of the opto-mechanical modulation based sensing generates
oscilllation harmonics all the way up to 16.4GHz with greater than -45dBm signal
power. A detailed phase noise model for such oscillators was derived and insights
derived from the model were followed to identify appropriate photo-detectors to
lower the far-from-carrier phase noise by 15dB. Fabrication techniques developed
along the way were also used to design other interesting opto-mechanical devices for
electromechanical detection of optical modulation and to study acousto-optic fre-
quency modulation. In summary, the overall focus of this work is to bring together
MEMS and photonics techniques and devices in ways that address long-standing

needs in both communities.
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CHAPTER 1
INTRODUCTION

1.1 Chip-Scale Oscillators and Time-Keeping

Reference oscillators are ubiquitous elements used in almost any electronics system
and constitute a multi-billion dollar market in today’s electronic industry. These
oscillators are used for a wide range of applications varying from keeping track of
real time, setting clock frequency for digital data transmission, frequency up- and
down-conversion in RF transceivers and clocking of logic circuits. Obviously, the
electrical specification of the oscillator depends on the application it is being used
for. As a result, a variety of oscillator technologies exist today, each technology

suiting a specific need.

For mainstream consumer applications, two technology families are distin-
guished: mechanical and electrical oscillators. In mechanical oscillators, the fre-
quency selective element is a mechanical resonator made from quartz for high-end
applications (e.g. wireless communication, realtime clocks, high-speed digital in-
terfaces) [1], or silicon or other type of bulk piezoelectric material, such as barium
titanate or lead-zirconium titanate, for less demanding and cost-sensitive applica-
tions (e.g. digital audio, video, household appliances) [2]. In electrical oscillators,
the frequency-selective element is integrated on the chip and comprises a resistor-
capactior (RC) or a g, C filter for low-end applications (e.g. clocking of logic) or an
inductor-capacitor (LC) filter for more demanding applications (e.g. in frequency

synthesizers for wireless communication and digital interfaces).

Although the electrical performance of high quality factor (Q) mechanical os-



cillators cannot be met by electrical oscillators, conventional mechanical oscillators
show some important drawbacks that prevent their use in any application [3]. Con-
ventional mechanical resonators are relatively bulky and cannot be integrated on
a CMOS die. Thus it is difficult to integrate such resonators into the same pack-
age that contains the CMOS die without increasing the manufacturing complexity
and cost. Therefore, mechanical resonators have to interface with other circuit
components on board level and hence they form a bottleneck for the ultimate
miniaturization of micro-electro-mechanical systems (MEMS). In contrast, the use
of low-Q electrical oscillators is limited to applications where accuracy and noise
specification is relaxed. Their stability and phase noise can be improved by design-
ing arrays of such oscillators to boost the signal-to-noise ratio (SNR), or by locking
them to mechanical oscillators using a phase-locked loop (PLL) [4]. However, this
again requires a bulky off chip component adding to the total size and cost of the

system.

1.2 Micromechanical Oscillators

An emerging class of mechanical oscillators is based on MEMS technology [3, 5, 6].
The extraordinary small size, high level of integration, low cost and high volume
manufacturing capability that is possible with MEMS appear to open exceptional
possibilities for creating miniature-scale precision oscillators at low cost. MEMS
oscillators can be integrated either on the CMOS die or as a separate die combined
with a CMOS die in a single package using a standard low cost plastic package. It
can be expected that a MEMS-based oscillator has a superior noise performance
and frequency stability compared to electrical oscillators, since the MEMS-based

oscillator is based on mechanical resonance exhibiting a high Q factor, typically



on the order of tens of thousands at microwave frequencies. At the same time, it is
expected that the use of MEMS reduces the size and cost and increases the level of
system integration compared to the more conventional mechanical resonators, since
the processes and materials being used are often CMOS compatible and use the
CMOS manufacturing infrastructure. MEMS oscillators are powerful contenders to
fill the gap between high-performance, non-CMOS compatible technologies on the
one hand, and low-performance CMOS compatible technologies on the other hand.
The replacement of a quartz resonator with a MEMS resonator and integrating the
MEMS resonator with the CMOS in a single package or a single die will lead to
a reduction in the form factor, board complexity and cost of electronic systems
[7]. Simultaneously, a MEMS implementation will have an improved electrical
performance compared to LC, RC or other types of oscillators based on electrical
rather than mechanical resonance. These unique attributes could also potentially
open up new application domains requiring extreme form factor such as wireless

sensor nodes [8], SIM and smartcards, and cell phone base stations [9].

1.2.1 Micro-electro mechanical (MEMS) oscillator tech-

nology

MEMS-based realizations of timing and frequency control functions, including
0.09% bandwidth filters with less than 0.6-dB insertion loss, GSM-compliant low
phase noise oscillators and miniature atomic clocks have been demonstrated, with
competing power consumption and performance benefits afforded by scaling to
micro dimensions [6, 8]. In particular, via scaling, vibrating RF MEMS devices
have now reached frequencies commensurate with critical RF functions in wireless

applications and have done so with previously unavailable on-chip quality factors.



MEMS oscillator technology is making its way into commercial markets through
several companies (e.g., Discera, IDT, Silicon Labs and SiTime) which are now
sampling low-end timekeeper products based on this technology [3]. Meanwhile,
on the high-end front, the success of efforts to scale atomic clocks down to 10cm?
volume package strongly encourages ongoing efforts bent on shrinking them even
further, down to lem?® volume, while still posting superior phase noise and power
consumption numbers [5]. However, scaling MEMS technologies to higher fre-
quencies in the range of 5-10GHz presents trememdous fundamental and practical
challenges. Direct conversion radio architectures require oscillators operating at
GHz rate frequencies with good phase noise performance. Oscillators based on
electrostatically actuated MEMS resonators have been demonstrated in the few
MHz-GHz frequency range [9, 10, 11]. As we describe in detail in section 4.5,
at higher frequencies, the motional impedance of electrostatically transduced res-
onators is very large, and hence it is difficult to operate such a resonator in feedback
as an oscillator. Piezoelectric transduction presents lower motional impedances at
these frequencies, and piezoelectrically transduced Film Bulk Acoustic wave Res-
onator (FBAR) [12, 13, 14] and Contour Mode Resonator (CMR) [15, 16] based
oscillators operating at few GHz frequencies have been demonstrated. Scaling these
piezoelectric oscillators to even higher frequencies necessitates a thinner piezoelec-
tric film, which leads to mass-loading of the resonator due to the metal electrodes
atop used to drive motion. This reduces the k2 — @Q (electromechanical coupling

constant-quality factor product).



1.2.2 Hybrid MEMS oscillators

Recent research efforts in the MEMS community were focused on developing novel
transduction schemes with reduced motional impedances at beyond GHz frequen-
cies [17]. Building on initial pioneering work at UC Berkeley and Delft, solid-
dielectric transduced thickness shear mode MEMS resonators with 807TMHz center
frequency, and motional impedance R, <1002 and Qs>7,000 [18] were devel-
oped. Recently, resonators with center frequency of 3.3GHz and with mechanical
quality factor of 2,057 were shown using unreleased deep-trench capacitors [19].
A resonant body transistor, which integrates a sense transistor directly into the
resonator body, was also developed with center frequencies at 11.7GHz [20] and
39GHz [21]. Junction field effect transistor (JFET) [22] and PN-diode [23] based
sensing schemes also led to realization of silicon resonators with f-Q product values
close to the theoretical material limit for Si. However, these resonators cannot be
easily integrated into oscillators due to the large parasitics that hinder signal sense

at these frequencies.

1.3 Cavity Opto-Mechanics

That light can be used to sense displacements on the order of few nano meters
or lesser was well known in the MEMS community, via stroboscopic interferom-
etry [24], homodyne Michelson interferometry [25] and heterodyne laser-Doppler
interferometry [26]. In the past few years, the fields of optical microresonators
and mechanical resonators have seen a lot of research activity independently for a
variety of applications. While electromagnetic radiation pressure force was well un-

derstood earlier, the dynamic effect of light exciting a mechanical resonator mode



first demonstrated in ultra high quality factor silica micro toroids [27, 28] brought
the two fields together to establish the field of cavity optomechanics. Progress
made in this field with applications to displacement sensitivity at multi-GHz fre-

quencies will be explored in subsequent chapters.

1.4 From Opto-Mechanics to Mechano-Optics

The interplay between acoustics and photonics in opto-mechanical systems goes
beyond mere motion sensing based applications. Conventional research efforts in
opto-mechanics have been directed towards pushing the state of the art in dis-
placement and force sensitivity using light, and mechanical oscillations as well as
light induced cooling or damping of mechanical motion [28, 29]. The mechanical
back-action force, which denotes the force acting on the light due to mechanical
motion can be used to realize applications of interest to the photonics community.
The focus of this work is primarily directed towards realizing multi GHz mechani-
cal oscillators using photonics, and constitutes part I of this thesis. In addition to
this, the technology developed for designing these oscillators was leveraged to de-
velop theoretical and experimental demonstrations of photonics applications using
MEMS. This work culminated in the first ever reported acousto-optic frequency
modulator and an electro-mechanical photodetector, which are covered in part II

of this thesis.



CHAPTER 2
OPTO-MECHANICAL MODULATION

2.1 Opto-Mechanical Resonators

An opto-mechanical resonator is a resonating structure harboring co-existing me-
chanical and optical degrees of freedom, or ‘resonance modes’. The interplay be-
tween the mechanical and optical resonances can lead to interesting applications
for motion sensing using light. Strong coupling also opens up a path for energy
transfer between the optics and the acoustics. One such interaction will be dealt
with in significant detail in the next chapter. This chapter presents more under-
standing into the most commonly exploited feature of opto-mechanical systems,

namely displacement sensing using photonics.

2.1.1 Dynamics in opto-mechanical systems

Laser
Ain m input
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\1,‘1'\1, Intensity

Output

Figure 2.1: Illustration an opto-mechanical resonator interrogated with a
waveguide.

Figure 2.1 shows a schematic of an opto-mechanical resonator interrogated with



a waveguide. The illustration shows the resonator vibrating in the fundamental
radial expansion “breathing” mode. By carefully designing the waveguide and en-
gineering the resonator-waveguide gap, the evanescent light field in the waveguide
can couple to the opto-mechanical resonator, provided the wavelength of light lies
in the full-width-at-half-maximum (FWHM) linewidth of the optical resonance of
the cavity. The optical resonance wavelength for the resonator A, is specified by
the equation mA,, = 2w Rn.s¢, where R is the radius of the ring resonator, n.ys is
the effective refractive index for light circulating inside the resonator, and m is an
integer. Intuitively, we can interpret the equation as a condition for constructive
interference between the photons coupling from the waveguide to the resonator
with photons previously coupled that execute a round trip inside the resonator.
The RHS in the equation above is the optical path length traversed by the pho-
tons in one round-trip. For constructive interference, this path length must be an
integer multiple of the wavelength of light. The FWHM linewidth is specified by

the total loaded optical quality factor of the optical resonance, Q..

The dynamics of the mechanical resonance can be specified by the conventional

second order differential equation for a moving mass:

2
d“r  Qecn dr L s F

— — 2.1
dt? Qmech dt " Mefy ( )

where r is the radial displacement of the resonator, €2,,ccn and Qeen are the me-
chanical resonance frequency and quality factor, F' is the force acting on the me-
chanical resonator in the radial direction, and mesy is the effective mass of the

mechanical mode.

The equation describing the dynamics of the optical resonance can be specified

by the following equation [28]:



% = — (JA + Tegr + Tint) @ — jisy/20cqe (2.2)

Here, T'.,; is the decay rate associated with coupling of photons to the optical
cavity, and I';,; is the intrinsic cavity photon decay rate. s is the input laser field
normalized to power ( |$]2 = Plam) and A is the detuning of the laser frequency
from the optical resonance frequency, A = Wigser — Wopt. The two equations are
coupled via the detuning term, since the radial motion amounts to changes in the

optical path length, which affects the optical resonance frequency:

Wopt = Wopt,0 + gomT (23)

where wep: o is the static optical resonance frequency in absence of motion, and
gon is the opto-mechanical coupling constant, which is described in detail in the

next section.

2.1.2 Opto-mechanical coupling constant

Consider the case of the ring resonator discussed above as shown in Figure 2.1.
When the ring expands, the motion leads to a change in the circumference of the
ring and thereby a change in the optical path length for light circulating around
the resonator. Thus a shift in the radius by Ar amounts to a change in the optical

resonance wavelength, A\:

m (Aopt + AX) =21 (R + 1) ness (2.4)
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Expressing equation 2.5 in terms of frequency and taking the limit » — 0:

dw Wopt
- _ — 2.6
= dr R gom ( )

The expression in equation 2.6 is a measure of the change of the optical reso-
nance frequency in response to changes in the radius of the resonator, and is termed
as the opto-mechanical coupling constant gops [13]. A larger gops translates to
increased displacement sensitivity for an opto-mechanical resonator, thereby ef-
ficiently turning mechanical information into optical information and vice versa,
and is hence beneficial to most applications in opto-mechanics. Equation 2.6 is
valid for a radially symmetric resonator e.g. a ring or a disk resonator, exhibiting
a radial mode of vibration. The general problem of how the eigenfrequency of
the optical resonance (w,,t) depends on the deformation of the resonator (z) can
be solved by a perturbative treatment of Maxwell’s equations [30]. A convenient
approach is to represent the resonator deformation by the displacement, x, of a
chosen point of the resonator having maximum displacement amplitude. If the
normalized displacement profile is known, x suffices to represent the complete res-
onator deformation field. For e.g. the deformation profile for radial and wineglass
modes in a disk resonator is completely determined in [31], and can be normal-
ized to the displacement amplitude at the point of maximum motion. With this

approach gons is expressed as the integral over the rigid resonator boundaries [30]:

gonr = % / (q.n) [Ae ‘e‘||2 —A(eh) |dL|2] dA (2.7)
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Here q is the normalized displacement profile vector such that max|q(r)|=1,
and n is the normal unit vector on the boundary. The dielectric constant of the
resonator is denoted by €, Ae = ¢ — 1 and A(e7!) = ¢! — 1, e is the electric
complex field vector normalized such that £ [e le|*dV =1, and d = ee [9, good
gom|. Equation 2.7 shows that goas depends both on the optical and mechanical

mode of the resonator under consideration.

2.2 Analytical Treatment of Opto-Mechanical Modulation

As discussed in the previous section, an optomechanical cavity has coupled optical
and mechanical degrees of freedom. This coupling mechanism is nonlinear [28] and
the non-adiabatic response of the intra-cavity optical field to changes in the cavity
size can lead to interesting opto-mechanical interactions. The opto-mechanical
cavity can be treated as a Fabry-Perot cavity formed by two mirrors, one of which
is fixed and the other is suspended with a mechanical spring. If the mechanical
resonant mode of the cavity is actuated, the cavity executes oscillatory motion at
this frequency which results in Doppler-shift of the circulating intra-cavity optical
field, thus modulating its phase. Figure 2.2 shows an illustration of such a scheme.
In the frequency domain, this frequency modulation manifests itself as sidebands
centered about the input laser frequency line, at a frequency separation that is
equal to the frequency of the actuated mechanical resonance. The cavity density
of states shapes the resultant sidebands leading to enhancement of only those
sidebands that are coupled to the optical cavity, thus causing an asymmetry in
the intensity of the lower and higher frequency sidebands. This asymmetry leads
to an effective amplitude modulation of the laser light, in addition to frequency

modulation. This shall be dealt with in significant detail in chapter 5. For now,
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Figure 2.2: lustration of Doppler shift of photon frequencies inside an opto-
mechanical cavity. When a photon strikes the cavity in phase
with its motion, the photon frequency is shifted down by the
mechanical resonance frequency §2,, and when the photon and
the moving cavity interact out of phase with each other, the
photon frequency increases by €2,,. The cavity density of states
shapes the intensities of the resultant sidebands
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it suffices to focus on the effect of motion of the resonator on the circulating light

field amplitude.

Assume that the cavity is oscillating such that its radius is sinusoidally displaced

as described in equation 2.8:

u(t) = Upsin(Qmeent) (2.8)

The intra-cavity field amplitude, a,(t), can be derived as in [3] by introducing

_Wopt

a modulation index, 8 = R o

—, where woy is the frequency of the input pump

laser [32]:

Z (/8) ej[(wopt+anech)t+ﬁcos(Qmechtﬂ (29)
+ j A + anech)

n—foo 2

Here, s denotes the input pump laser field amplitude, 7., is the lifetime due to
coupling between the cavity and the waveguide, « is the full width at half maximum
(FWHM) linewidth of the optical cavity resonance, and A denotes the detuning
of the laser from the optical cavity resonance, specified in angular frequency. .J,, is
the Bessel function of the first kind. Thus, the modulation index determines the
relative weights of the sidebands, whose width is governed by the optical cavity

linewidth.

2.3 Displacement Sensitivity and Bandwidth

Periodic motion of the resonator thus leads to periodic modulation of the optical

power transmitted at the output of the opto-mechanical system. A motion ampli-
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tude of r translates to a shift in the optical resonance frequency by the amount

gomT, which leads to a modulated power amplitude:

Prod = gomS (A)r (2.10)

where S (A) is the slope of the optical power transmission spectrum at detuning

A.

Wopt

The analysis presented in the sections above, wherein we assume goy = —=%~,

is only valid in the case where light responds instantaneously to any changes in
the resonator geometry on account of motion. In reality, the photons coupling to
the resonator from the waveguide have a finite lifetime associated with the cou-
pling. Also the photons have finite intrinsic and loaded decay rates in the optical
resonator. The total cavity lifetime 7,,, = %;‘f is a measure of the time taken
by the optical system to respond to changes in the mechanical system. For an
optical resonator with loaded optical quality factor Qy; = 100,000 at a wave-
length of 1,550nm, the cavity lifetime is 0.52ns, which corresponds to a response
bandwidth of 1/0.5ns = 1.9GHz. Thus an opto-mechanical resonator with these
parameters will exhibit a response captured by the equations derived in this section
for mechanical resonance frequencies <1.9GHz. At frequencies above 1.9GHz, the
mechanical system dynamics occur at faster rates than the rate at which the optical
system responds, thereby leading to incomplete modulation. Mani et al. capture

this low-pass frequency response of the opto-mechanical system in the parameter

I [33]:

Pmod == FgOMS (A) T (211)
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However, this parameter is not easily characterized, both analytically and ex-
perimentally [33, 34]. These high frequency mechanical modes are said to lie in
the resolved sideband regime, since the modulation sidebands generated around the
laser line lie outside the optical cavity linewidth, which also intuitively explains

the incomplete modulation.

2.4 Modulation Non-Linearity

The optical resonance lineshape is a Lorentzian, with the optical transmission

specified by the following equation:

2
2 4(w—wopt)2+w§t< L __1 )
— P ant Qeact (2 12)

2
2 1 1
4 ( Opt) gpt (ant Qext )

The modulation of this lineshape due to motion of the cavity is inherently
nonlinear. This is also evident from equation 2.9, which shows multiple sidebands

spaced from the laser line by frequencies Qe (n = 1,2,3,...).

With the basics of opto-mechanical modulation thus established, we shall now
look at two oscillator technologies centered around this basic principle, namely the
opto-mechanical oscillator and the opto-acoustic oscillator in the next two topics.
In part II, we shall view opto-mechanics in a different light, where light does not
merely sense motion, and we explore a reversal of roles between the optics and
mechanics in the context of two applications - acousto-optic frequency modulation

and electromechanical photodetection.
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CHAPTER 3
OPTO-MECHANICAL OSCILLATOR

3.1 Overview of Opto-Mechanical Oscillators

Light can excite oscillations in mechanical resonators in several ways [29] - radia-
tion pressure (RP) driven [28, 33], via the optical gradient force [35, 36] or through
electrostriction [37, 38, 39] and other nonlinear opto-mechanical interactions [40].
RP driven oscillations have been extensively studied [28] and such oscillations have
been observed by various teams [33, 41, 42]. All these demonstrations employ ei-
ther a prism coupler [40] or a tapered fiber [28, 33, 41] to couple light into the
microresonator, and are not integrated solutions. Chip-scale opto-mechanical res-
onators in silicon nitride with integrated waveguides have been shown [43], however
these devices employ inverse fiber taper coupling and no self-oscillations have been
reported. Some solutions also require a CO, laser reflow step [33] to microfabricate
the resonator, which is a serial process step and is thus undesirable for a high-yield
solution. The phase noise numbers reported for RP driven oscillations [33] are far
worse than those reported for CMOS oscillators in similar frequency ranges. The
phase noise also shows higher order slopes at close to carrier frequencies, that are
unexplained but are often attributed to environmental noise. Theoretical analy-
sis for opto-mechanical oscillators (OMOs) [33, 34] indicates that these problems
can be overcome by having a high optical quality factor, a moderately high me-
chanical quality factor, large power handling capacity, and a robust device that
is immune to environmental disturbances. As such, there is a need for a truly
integrated, monolithic device that can deliver all of these requirements and be

compatible with existing chip-scale laser technology to enable a truly chip-scale
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opto-mechanical oscillator. This chapter presents an integrated OMO fabricated
in silicon nitride that satisfies all of these requirements. The next section presents
an analytical understanding of the radiation pressure force. We then look at the
design and fabrication process flow for the opto-mechanical resonator. The later
sections provide details on experimental characterization and a phase noise model

for the OMO.

3.2 Analytical Treatment of Radiation Pressure Driven

Oscillations

Consider a ring resonator coupled to an optical waveguide as shown in Figure 3.1.
The laser wavelength is blue detuned from the cavity optical resonance wavelength.
To understand how this interacts with the mechanical motion of the ring, we
can treat the optical resonator as analogous to an optical cavity formed by two
mirrors, one fixed and one moving. Some photons from the laser couple into
the resonator and start circulating around the periphery of the resonator. The
circulating photons exert a force on the boundaries of the ring resonator, known
as the radiation pressure force. This force is linearly dependent on the circulating

optical power. Larger the power inside the cavity, greater the force exerted.

Now suppose the ring expands. The optical resonance wavelength now in-
creases, being proportional to the radius of the ring. If the laser wavelength is
lower than the optical resonance wavelength, the circulating photons now leak out
of the resonator back into the waveguide. Thus the radiation pressure force pushing
the ring radially outwards reduces. This is equivalent to a spring effect, caused by

the optical force, that pulls the ring inwards. As the ring contracts due to the me-
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Figure 3.1: Intuitive picture of origin of radiation pressure induced oscilla-
tions. The adiabatic response of the mechanical cavity to the op-
tical force results in an optical anti-damping force, proportional
to the optical power circulating inside the cavity. Self sustained
oscillations occur when the optical power exceeds the threshold
required to generate an anti-damping force stronger than the in-

trinsic mechanical damping.
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chanical restoring force, the optical resonance wavelength decreases. This causes
more photons to couple into the cavity. The coupling and leakage of photons into
and out of the cavity is not an instantaneous process. When the ring expands, the
radiation pressure force does not reduce instantaneously, and the lingering photons
exert an additional force on the resonator. The delay associated with this adia-
batic behavior gives rise to anti-damping of the mechanical motion, shown here
as negative damping. If the negative damping associated with the optomechanical
interactions are strong enough to over come the intrinsic mechanical damping of
the resonator, the circulating optical field sets off self sustained oscillations of the
mechanical mode, which is sensed as intensity modulation at the output optical

probe.

3.2.1 Mathematical formulation

As intuitively discussed above, the delineation of the response of variation in optical
power to changes in the resonator motion into adiabatic and non-adiabatic contri-
butions leads to two manifestations of the opto-mechanical back action. The adia-
batic component for the back-action force, that is in phase with the displacement,
leads to an optical spring effect that shifts the mechanical resonance frequency by

[28]:

ASzmech = F2

| R Snszwom [ 2AT o

Paser 3.1
4A2 + Ft20t Qmechmeffc2 4A2 + Ft20t:| : ( )

Here T'y,; is the loaded cavity photon decay rate, ¢ is the speed of light and
F = % is the cavity finesse, where T,; is the photon round trip time in the

optical cavity.
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The non-adiabatic component of the force gives rise to an optical anti-damping

rate given by [28]:

Fad = _F3

Plaser (32)

Fewtrtot 8n§ffw0PtR 16Art30t
42 + F%ot meffc?’ ( )2

This radiation pressure induced anti-damping rate modifies the intrinsic me-
chanical damping rate [',,ccn = %, yielding an effective damping rate I'cyy =
LCoa + Dineen. The negative sign in equation 3.2 for positive valued detuning (blue
detuning) leads to a reduced damping rate. When the laser power is sufficiently

large, the effective damping rate is negative, which implies self-sustained mechan-

ical oscillations in the system.

3.3 A Silicon Nitride Opto-Mechanical Oscillator

3.3.1 Opto-mechanical resonator design

We choose SigNy as the material to micro-fabricate the opto-mechanical resonator,
as it has been shown to demonstrate high optical [44] and high mechanical [45]
quality factors. We chose a ring geometry for our resonator owing to its simplicity
and the high optical Q it offers [44]. To design for high optical quality factors, we
select a wide ring (6um) with a large radius (40pum) and narrow spokes (0.5um).
This ensures that the Si3sN4 ring resonator has a high optical Q as the optical
mode is confined inside the ring and experiences low bending loss and scattering

loss from the spokes.
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3.3.2 Optical mode matching

To achieve significant coupling from the light inside the waveguide to the opti-
cal resonator, it is imperative to ensure a large spatial overlap and matching of
the effective refractive index of the waveguide mode and the optical mode in the
resonator. The waveguide-resonator gap is designed to be smaller than 100nm to
ensure spatial overlap. Finite element method (FEM) simulations of the optical
mode [46] in the resonator indicate an effective refractive index of 1.32. To achieve
this index in a silicon nitride waveguide of thickness 300nm, we need a width of
800nm, as obtained from FEM simulations. Figure 3.2 shows screen-shots of the

cross sections for the resonator and waveguide simulated using COMSOL FEM.

Resonator

Waveguide width = 800nm Agpt = 1,558.03nm, ring width = 6pm
N = 1.29 N = 1.32

Figure 3.2: FEM simulations of cross sectional profiles of the waveguide and
resonator to match the effective refractive indices.
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3.3.3 Grating coupler design

Misalignment and mismatch of optical modes between two devices introduces sig-
nificant coupling losses. As we scale down device sizes to the micro- and nanometer
regime, the coupling problems are greatly exaggerated by the small dimensions,
which makes alignment a critical and challenging task. It is very common to em-
ploy prism couplers and tapered fiber coupling to couple light to opto-mechanical
resonators. Due to the lack of integration, these coupling media can introduce en-
vironmental noise into the system. Integrated coupling methods to on-chip waveg-
uides using inverse taper couplers [43] and graded refractive index (GRIN) couplers
[47] introduce very low coupling losses (<1dB), but require precision alignment of
an optical fiber to the on-chip waveguide in case of inverse taper couplers, or com-
plex fabrication processes to obtain a thin film stack in case of GRIN couplers.
Grating couplers allow one to couple from a standard single-mode fiber (SSMF) to
a high-index-contrast waveguide with high efficiency without the need for lenses.
The grating coupler does away with the need for edge facets, allowing for easier

on-wafer testing and simplifying processing [48].

Despite these advantages, reported grating couplers exhibit relatively narrow
bandwidth, require partial etch and/or high resolution lithography, exhibit sig-
nificant temperature dependence, and can exhibit significant back reflections in
the bandwidth of interest. These disadvantages arise mainly because the grating
couplers butt-coupled to SSMF that have been demonstrated so far have been in
semiconductor material, such as Si and InP, with very high refractive indices. Be-
cause of the high index of semiconductors, the grating holes either must be only
partially etched into the waveguide or must be significantly smaller than a wave-

length if they are to be fully etched [49], otherwise the grating strength is too
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strong. For SigNy, etching grooves with a half-period width completely through a
300-nm waveguide gives an appropriate grating strength, as we see in subsequent
paragraphs. This full etching simplifies the processing. The temperature depen-
dence of semiconductors such as Si and InP is 0.1 nm/°C. If the grating coupler is
used as an optical filter, this shift can cause problems when the PIC is not temper-
ature controlled. The temperature dependence of SizNy is ~0.02nm/°C [50], and

thus its wavelength shift is ~5 times lesser.

The bandwidth of semiconductor grating couplers is narrow because of the high
refractive index of semiconductors. We can make an approximate calculation of
the bandwidth of a grating coupler as follows: The phase matching condition for

the grating is:

0 img 4 "~ (3.3)
where ng is the refractive index of the cladding/substrate material, n,,, is the effec-
tive refractive index of light inside the waveguide, \ is the free-space wavelength of
light to be guided, A is the grating period, and 6 is the fiber angle i.e. the angle to
vertical at which light is incident on the grating coupler. By choosing appropriate

values for the angle, the grating period can be estimated for a given wavelength of

light and waveguide mode of interest in a given material medium.

To simulate the grating couplers, we set up a finite difference time domain
(FDTD) simulation in Lumerical FDTD Solutions software. Figure 3.3 shows the
simulation setup and Figure 3.4 shows the simulated insertion loss of the grating

coupler. The simulated 3-dB bandwidth of the coupler exceeds 80nm.
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Figure 3.3: 3D FDTD simulation setup of the grating bars. A plane wave
light source is used to provide the input light field incident at
an angle of 20° to the vertical on to the grating bars. A power
meter at the waveguide is used to simulate the optical insertion
loss due to the grating coupler.
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Figure 3.4: FDTD simulated value of the optical insertion loss for the silicon
nitride gratings.
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3.3.4 Fabrication

We start with silicon wafers that have 4um SiOs thermally grown and deposit
300nm SizNy using low pressure chemical vapor deposition (LPCVD). To define
the resonators, waveguides and grating couplers, ma-N 2403 electron beam resist
is spun on top of the nitride and patterned using electron beam lithography. After
developing the resist in AZ 726MIF, we etch the pattern into the nitride device
layer using CHF3/O5 reactive ion etch (RIE). Then we strip the resist and deposit
SiO4 cladding using plasma enhanced chemical vapor deposition (PECVD) to clad
the gratings and waveguide with oxide. This is done to reduce losses at the grating
couplers. A second mask is then used to pattern release windows near the resonator
using contact photolithography. This is followed by a partial etch into the cladding
using CHF3/0, RIE. This ensures that we can get away with a relatively shorter
release time and thereby not have a large undercut for the waveguides. We then
perform a timed release etch in buffered oxide etchant to undercut the devices, to
enable opto-mechanics. The samples are then dried using a critical point dryer to

prevent stiction. Figure 3.5 illustrates this process flow schematically.

The resulting devices have cladding over the gratings, and the tapered section
of the waveguide. The resonator is completely released except for a pedestal in the
middle that holds the structure in place. The waveguide is released in the region
around the resonator. Figures 3.6 and 3.7 show an optical micrograph and SEM

of the device respectively.
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1. E-beam lithography 2. Transfer pattern to SizN, 3. Deposit oxide cladding
(PECVD)

4. Define release window 5. Etch into cladding (RIE) 6. Release in BOE followed
by critical point drying
[ ]

EENE-beam resist WM Sj;N, [7Sj0, Nl photoresist Nl Sj
(maN-2403)

Figure 3.5: Hlustration of the process flow to microfabricate grating couplers,
waveguides, and opto-mechanical resonators in silicon nitride

Figure 3.6: Optical micrograph of the integrated device showing the ring
resonator, tapered waveguide and grating couplers
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Figure 3.7: Scanning electron micrograph (SEM) of the ring resonator and
released section of the waveguide

3.4 Experimental Characterization

3.4.1 Optical characterization

We use a tunable diode laser and a power meter to study the optical transmission
spectrum for the silicon nitride opto-mechanical resonator. Light from a tunable
diode laser (Santec TSL 510) is coupled into a polarization maintaining (PM)
fiber. This is then incident on a glass fiber holder in which the PM fiber is held
in a glass plate using V-grooves. The glass plate is polished at an angle of 20°
at the face. This glass plate is then held vertically at an angle of 20° over the
substrate containing the waveguides. The polish ensures that the face of the glass
plate containing the polish fiber end is now flush in line with the substrate. The

PM fibers are aligned such that the light coming out is polarized parallel to the
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substrate, using manual polarization controllers. The input grating coupler couples
this light into the waveguide. At the output grating coupler, the light is coupled
into another fiber in the glass plate. The pitch between the two fibers is 127um.

The output from the fiber is sent to an optical power meter.

To obtain an optical transmission spectrum, we use an automated testbench
developed using National Instruments (NI) NI Labview software running on a
host computer. The output from the power meter is obtained in the form of
analog voltage which is transmitted to a controlling computer using an NI digital
acquisition card (DAC). The software controls the laser via a GPIB interface. The
laser wavelength is swept via software, while the power meter output is collected
at the computer. A trigger signal from the laser to the optical power meter ensures
that the data from the power meter is recorded with the appropriate wavelength

stamp.

Typical optical transmission spectra for the grating couplers are shown in Fig-
ure 3.8. The gratings were designed for a pitch of 1.5um with 50% duty-cycling.
The lowest insertion loss (-5.5dB per coupler) is observed for a grating pitch of
1.475um. Figure 3.9 (a) shows optical transmission spectrum for an unreleased
silicon nitride opto-mechanical resonator. The silica cladding results in very high
intrinsic quality factors in excess of 1 million, as seen in Figure 3.9 (b). The
waveguide-resonator gap for critical coupling to unreleased resonators is experi-

mentally determined to be 1um.

Releasing the resonator using BOE results in lowering of the optical quality
factor, as the light field is now more tightly confined inside the silicon nitride
device and is more prone to scattering losses at the air-silicon nitride interface. The

mismatch in refractive index for light inside the waveguide at the point where the
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Figure 3.8: Transmission spectra for the grating couplers.
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A high Q resonance in a silicon nitride resonator with intrinsic
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Figure 3.10: Insertion loss measured for -15dBm laser input power for a high
loaded Q (/200,000) optical resonance

waveguide cladding material transitions from silica to air also results in additional
coupling losses. The optical loss at each facet is 8dB post release. Typical quality
factors for released silicon nitride resonators are /100,000, which is significantly
lower than the quality factors for unreleased resonators. Figure 3.10 shows a high
QQ optical resonance in a released resonator with a loaded optical quality factor of
~200,000. The waveguide-resonator gap for released silicon nitride resonators is

100nm.
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3.4.2 Optical metrology of mechanical modes

Once we identify a high Q optical resonance, we setup an experiment to measure
the mechanical response of this resonator, as illustrated in figure 4. We use a
New Focus 1647 avalanche photodiode (APD) as the photodetector. The gain
of the APD is 6,000V/W. The laser wavelength is blue detuned with respect to
an optical resonance with optical Q of 200,000. Brownian motion of the opto-
mechanical resonator results in modulation of the light at the output fiber. The
APD converts this modulation into an RF signal at the modulation frequency,
which corresponds to the mechanical resonance frequencies of the device. Various
mechanical modes are observed in the RF spectrum recorded on an Agilent E4445A

spectrum analyzer.

The largest signal power is recorded for the radial expansion mode of the ring
at 41MHz, which corresponds to larger optical path length change in comparison
to a wineglass mode of the ring at 28MHz and azimuthal radial modes at 77 MHz
and 79 MHz, shown in Figure 3.11. The mechanical Q for the radial expansion

mode measured in air is 2,000.

3.4.3 Threshold of radiation pressure oscillations

The optical power threshold for onset of oscillations can be calculated by equating
the anti-damping rate in equation 3.2 to the mechanical damping rate to obtain

the following expression:

4AN? —+ F?ot Qmechmeffcg
Fextrtot 8ngffwoptRF3Qmech

f)thresh = (34)

(4A2 + Ft20t)2
16AT3,
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RF spectrum at the output of the avalanche photodetector.
The peaks observed correspond to the Brownian noise mechan-
ical motion of the micro-ring. The fundamental radial expan-
sion mode of the micro-ring at a frequency of 41.97MHz causes
strong intensity modulation of the laser light as compared to a
a wineglass mode at 28MHz or a group of azimuthal compos-
ite mechanical modes around 77TMHz. Insets: FEM simulated
modeshapes of the corresponding mechanical modes.
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Figure 3.12: Variation of RF power at the output of the photodetector with
the input laser power, for the fundamental radial expansion
mode of the micro-ring at 41.97MHz. As the laser power is
increased, self-sustained oscillations are observed for this mode.
The sharp threshold behavior shown is characteristic of radia-
tion pressure induced parametric instability.

Figure 3.12 shows the variation of RF output power at the photodetector with
the input laser power. At low input laser powers, the input light coupled into
the cavity is modulated by the Brownian noise motion of the fundamental ra-
dial expansion mode of the ring. As we increase the laser power, self-sustained
oscillations are observed above the input threshold power. The sharp threshold
behavior is characteristic of radiation pressure induced parametric instability. Fig-
ure 3.13 shows the RF output spectrum measured below and above the optical

power threshold for onset of oscillations.
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Figure 3.13: Variation of RF power at the output of the photodetector with
the input laser power, for the fundamental radial expansion
mode of the micro-ring at 41.97MHz. As the laser power is
increased, self-sustained oscillations are observed for this mode.
The sharp threshold behavior shown is characteristic of radia-
tion pressure induced parametric instability.
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3.4.4 Oscillation phase noise

Figure 3.14 shows the phase noise measured for the oscillation at 41MHz. The
phase noise at 1kHz offset for the 41MHz OMO is -85dBc/Hz. This is better
than the phase noise reported for radiation pressure driven self-oscillations of a
microtoroid [33]. The phase noise varies as 1/f? below 100kHz offsets as indicated
by the dotted red trend-line implying that the OMO has no flicker noise. The
corner frequency for 1/f2 region is around 20kHz which agrees with the measured
mechanical Q of 2,000 at 41.947MHz. The phase noise is measured with an Agilent

E5052B signal source analyzer.

P = 15dBm
=-11.37dBm

RF,output -

f,=41.947MHz
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10 100 1k 10k 100k M
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Figure 3.14: Phase noise for OMO operating at 41.947MHz with -11.37dBm
output power. The laser input power is +15dBm. It varies as
1/f2 below an offset frequency of 100kHz as indicated by the
dotted red trend-line, implying that the OMO has no flicker
noise. The phase noise is measured with an Agilent E5052B
signal source analyzer.
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3.5 Phase Noise Modeling of Opto-Mechanical Oscillators

The classical Leeson model for electronic oscillators [51] relates the phase noise of
an oscillator to its linewidth. We extend this well established theory to the case

of opto-mechanical oscillators.

3.5.1 Oscillation linewidth

Mani et al. have characterized the mechanical oscillation linewidth as follows [33]:

1 [ 4kgTQ2,\ [T2AQ,
AQ = — L .
2w (mefo%R% M2 (3 5>

The linewidth is set by kp (Boltzmann constant), 7' (absolute temperature),
Qo (total optical Q), mess (effective resonator mass), 2y (mechanical resonant
frequency), Ry (disc radius), I' (optical modulation transfer function) [33], AQ
(intrinsic mechanical oscillation linewidth) and M (modulation depth). T' repre-
sents the finite response time taken by the resonator to respond to modulation of
the optical path length. Intuitively, we can guess that I is a low pass filter function
of oscillation frequency i.e. at higher mechanical oscillation frequencies its value is
smaller. I' and M are experimental parameters. However, for reasons we discuss
later, we will write the expression for the linewidth in terms of more fundamental

parameters describing the system:

1 [ 4kpT AQ
AQ:—( & 2)( 20) (3.6)
2 \ My 2 r

where r is the amplitude of radial displacement.
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3.5.2 Phase noise in opto-mechanical oscillators

Phase noise is frequency domain representation of random fluctuations in the phase
of a waveform. An ideal oscillator generates a pure sine wave that can be repre-
sented as a pair of delta functions at the oscillation frequency in the frequency
domain. This just highlights the fact that for an ideal oscillator, all the signal
power is at a single frequency. However, due to presence of various noise sources
within the oscillation loop, real oscillators demonstrate time domain instabilities
i.e. the zero crossings of the waveform are not spaced perfectly at half the period

of the waveform from each other, but exhibit random fluctuations.

Thus, the oscillator’s energy is not located at a single frequency and it spreads to
adjacent frequencies which can be characterized by the linewidth of the oscillator.
Most oscillators have a Lorentzian spectral density distribution characterized by

the following equation

A fa
So(fo+Af) = w24 (AfR (3.7)

where A%/2 is the signal power at the oscillation frequency and fa is the linewidth.
A f specifies the offset from oscillation frequency fy. This spread is typically charac-
terized in terms of phase noise which is specified in dBc/Hz (decibels below carrier
per hertz). This way of quantifying phase noise gives a measure of the spread of

oscillation power to frequencies offset from the center (carrier) frequency.

Phase noise is one of the most important characteristics of a self-sustained os-
cillator. For applications such as a frequency reference in communication systems,
the phase noise of the oscillator impacts the bit error rate and security. Also,

oscillators do not have memory of phase of the waveform and as such are unable
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to restore phase, which leads to accumulation of phase deviations caused by phase
noise. Hence it is crucial to be able to predict phase noise of an oscillator before

we design it.

We can use Leeson’s model to model the phase noise of OMOs using the expres-
sion of linewidth from equation (x). The following equation gives an expression
for phase noise in both 1/f* and 1/f? regimes. wys is the corner frequency for

1/f3 noise.

L(Af) = 10logio (i ﬂ)..q/f?

21 A f?
1 AQ wy/gs

Based on this model, we can draw some insights into designing oscillators with
low phase noise. As can be seen from the equations for linewidth and phase noise,
we see that if there could be a way to increase the effective mass of the system,

meysr while ensuring that the amplitude of radial displacement, r does not drop

1
Meffr?

as much that increases, then we can improve the phase noise of the system
i.e. increasing m. sy perhaps increases the signal power thereby improving far from
carrier phase noise. However, the system becomes stiffer and hence we may need
larger input power to overcome this. We propose a solution to this problem by

using multiple disks mechanically coupled to each other. Also, we can actuate

multiple disks thereby maintaining operating power.
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Figure 3.15: 6dB reduction in phase noise of the oscillator achieved by em-
ploying a lower optical quality factor (84,500) resonance.

3.5.3 Improving phase noise of the opto-mechanical oscil-

lator

The analytical treatment of opto-mechanical oscillations highlighted the strong
dependence of the phase noise on the optical quality factor. As seen in equation 3.4,
choosing a lower optical Q <o< ﬁ) resonance while achieving complete modulation
can theoretically give better phase noise at a cost of higher threshold power. We

employed an optical mode with a total optical Q of 84,500 (and an intrinsic Q of

200,000) and observed a reduction in phase noise by 6dB as shown in Figure 3.15.
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3.6 Characterization of Opto-Mechanical Oscillations

This section presents characterization experimental data for the RP driven SigNy
OMO. We perform a wide frequency sweep and observe multiple harmonics of the
fundamental oscillation signal, as shown in Figure 3.16. These harmonics are a

result of non-linear optical modulation as described in section 2.3.
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Figure 3.16: Wide frequency sweep showing various harmonics of the funda-
mental mode for +15dBm laser input power.

Figures 3.17 and 3.18 show the behavior of RF output power and phase noise
for the 41MHz signal as we vary the input laser power, while keeping the relative

laser detuning from the optical resonance fixed at 0.31.

As we see, the RF output power increases as we increase the input laser power

and eventually the rate at which it rises tapers off. The phase noise improves as
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Figure 3.17: Variation of RF output power with input laser power
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we increase input laser power, eventually following the saturation behavior demon-
strated by the RF outputpower. This trend is in good agreement with predictions

for radiation pressure driven oscillations in microtoroids [33].
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Figure 3.19: Extinction of oscillation waveform at output of the APD mea-
sured for various relative detuning values. As we can see, a
relative detuning of 0.5 enables us to see maximum extinction

of 20dB, which corresponds to extinction at resonance as in Fig-
ure 3.10.

Figure 3.19 shows how the extinction of the oscillator varies with relative detun-

ing. Extinction is defined as F = 10log;q “im‘_” , where V.. and V,,,;,, are respectively
the maximum and minimum voltage levels at the output of the photodetector. As
expected [33], we see a maximum extinction of 20dB for relative detuning of 0.5,

which corresponds to extinction at resonance as in Figure 3.10. This implies that

the radial displacement amplitude of the disk at 0.5 relative detuning is sufficient

46



for complete modulation of the laser light.

3.7 Challenges in Scaling Opto-Mechanical Oscillators

3.7.1 Oscillation threshold for GHz operation

Recall from equation 3.4 that the optical power threshold for onset of radiation
pressure oscillations scales directly as the mechanical resonance frequency. The
threshold power required for self-oscillation mechanical modes beyond GHz fre-
quency accounting for grating losses is >30 dB. At larger frequencies, the required
power will be even larger, which makes scaling of this oscillation phenomenon

challenging from a pratical perspective.

3.7.2 Nano-opto-mechanical oscillators and phase noise

Following our published work on the integrated silicon nitride opto-mechanical
oscillator, various other groups have pursued designing oscillators with smaller ef-
fective mass to counter the threshold dependence on frequency. Disk resonators
fabricated in GaAs [30] and silicon [42] with oscillation frequencies beyond a GHz
have been shown, with optical quality factors in excess of 350,000. However, the re-
duced effective mass and higher optical quality factor translates directly into larger
phase noise numbers, which is undesirable in practically all oscillator applications.
Opto-mechanical zipper cavities and opto-mechanical crystals [41] fabricated in
silicon have been shown to demonstrate RP oscillations at 2.2GHz and 5.1GHz,

making them the highest frequency opto-mechanical oscillators reported to date.
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However, these nano-mechanical devices also suffer from very low effective masses

on the order of few femto-grams.

Opto-mechanical transduction at frequencies well in excess of a GHz have been
shown using optical excitation via optical gradient forces [41], electrostatic ac-
tuation [11] and piezo-electric actuation [52]. These methods can be employed to
operate the resonator as an opto-mechanical delay element, and an oscillator can be
realized in a delay-line oscillator topology. Careful mechanical and optical design
can enable a beyond GHz opto-mechanical oscillator. The next chapter presents
an oscillator designed using this topology, and rightly termed as the opto-acoustic

oscillator.
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CHAPTER 4
OPTO-ACOUSTIC OSCILLATOR

In previous work, the OxideMEMS Lab has presented a method for driving
motion in an opto-mechanical resonator using the RF MEMS technique of electro-
static capacitive actuation and sensing of mechanical motion in the same resonator
using optical intensity modulation. This was achieved in an opto-mechanical res-
onator all integrated into a monolithic system fabricated on silicon on insulator
(SOI) platform [53]. These resonators were employed in an electrical feedback
loop to realize micro-mechanical oscillators with frequencies in the GHz range.
However, the device and the transduction scheme employed have limitations that
prevent the scaling of this resonator design to realize multi-GHz oscillator im-
plementations. This chapter presents modification to the mechanical design, and
the drive and sense transduction schemes to realize micro-mechanical oscillation

signals beyond GHz.

4.1 Coupled Silicon Opto-Mechanical Resonator

A coupled ring resonator design was employed in [11] to realize a GHz oscillator.
The frequency of compound radial expansion mode of the ring is set mainly by the
width of the ring with little dependence on its radius. Each ring resonator has an

inner radius 5.7pum and width 3.8um.

The anchoring scheme for the coupled resonator system follows a balanced an-
chor methodology [54], which moves the anchor over to the coupling beam instead
of the resonator boundaries. The coupling beam length corresponds to half the

acoustic wavelength, and the beam thus has a nodal point in the middle (see Fig-
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ure 4.1). Connecting tethers to this point to mechanically anchor the device and
to also route the electrical ground signal to the resonators leads to preservation of

high mechanical Q factors while ensuring mechanical symmetry.

4.1.1 Curbing mechanical self-oscillations of waveguide

The optical gradient force acting on the waveguide due to interaction between
the light in the resonator with light in the waveguide can launch mechanical self-
oscillations in the waveguide. This leads to internal frequency mixing in the opto-
mechanical resonator as also observed by Huang et al. [55]. To curb these me-
chanical oscillations in the waveguide, we intentionally tether the waveguide at
the point of coupling to the optical resonator as shown in Figure 4.1 (b). The
mechanical stub prevents motion at the coupling point thereby leading to a clean
RF transmission comprising solely of the mechanical modes of the coupled ring

resonator.

4.1.2 Fabrication Process

Fabricating the photodetector involves a four mask process flow on a custom silicon-
on-insulator (SOI) wafer (undoped 250 nm device layer for low optical loss and
3pum thick buried oxide for isolation of the waveguides on device layer from the
silicon substrate). The top silicon is thermally oxidized to obtain a thin oxide
hard mask layer of thickness 60nm atop a 220nm thick silicon device layer. ma-N
2403 electron beam resist is spun on top of the oxide and patterned using electron
beam lithography. The patterns are transferred into the silicon dioxide using a

CHF3/0, based reactive ion etcher and then into the silicon device layer using
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electrodes
silicon device

release window mask

(b)

~waveguide stub

Figure 4.1: (a) Layout depicting the silicon coupled opto-mechanical res-
onator. (b) Zoomed in view of the tether balanced mechani-
cal anchor and the mechanical stub anchor to curb waveguide
motion. FEM simulated mode-shapes of the optimized (c) first
order and (d) second order radial expansion modes of the coupled
ring-resonator at 1.1GHz and 2.2GHz.
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a chlorine based reactive ion etch. A layer of SPR-220 3.0 photoresist is spun
and a second mask is used to pattern windows above the mechanical resonator,
the electrical routing beams and the bond-pads. This is followed by a boron ion
implantation and nitrogen annealing to reduce the resistivity of these structures. A
third mask is then used to deposit metal over the bond pads for improved electrical
contact. A layer of LOR-5A followed by a layer of SPR-220 3.0 is spun and the
bond pads are exposed via contact alignment photolithography. This is followed by
evaporation of 25nm nickel on the sample. Nickel forms a good ohmic contact with
silicon, and is hence chosen as the bottommost metal. After evaporating nickel, we
evaporate 25nm titanium and 50nm platinum. Platinum is used as the top metal as
it makes good electrical contact with the Cascade Air Coplanar Probe (ACP) RF
probe used to interrogate these devices. However platinum does not adhere well to
nickel, and hence titanium is used as an adhesion layer. The photoresist is dissolved
in Microposit remover solvent 1165 to leave metal only atop bond-pads. A fourth
mask is used to pattern release windows near the resonator using SPR-220 3.0
photoresist, followed by a timed release etch in buffered oxide etchant to undercut
the devices. The samples are then dried using a critical point dryer to prevent
stiction. Figure 4.2 shows an illustration of the fabrication process. Figure 4.3
(a) and (b) show scanning electron micrographs (SEMs) of the fabricated devices
and the resonator-waveguide gap respectively. The gap is chosen to be 100nm to

ensure critical coupling to multiple optical modes.
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1. Thermal oxidation to 2. E-beam lithography:

obtain hard mask for Transfer patterns to
silicon etch e-beam resist
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250nm silicon device layer

3 um Buried Oxide
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3. Etch pattern into oxide

hard mask through 4.Transfer pattern to 5. Etch away oxide
CHFs/0: RIE etch silicon through Cl; ICP etch hard mask
6. Selective ion implantation 7. Metal evaporation using 8. Pattern release
of mechanical resonator and LOR5A mask for metal windows around device
electrodes patterning via lift-off using photoresist

photoresist

S L T

9. Timed release in buffered
oxide etchant (BOE) followed
by critical point drying

Figure 4.2: Illustration of fabrication process flow for designing coupled sil-
icon opto-mechanical resonators in a silicon-on-insulator (SOI)
platform
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Figure 4.3: (a) SEM of the fabricated coupled silicon opto-mechanical res-
onator. (b) The waveguide-resonator gap is chosen to be 100nm
to ensure critical coupling to multiple optical modes.
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4.2 Resonator Characterization

4.2.1 Optical characterization

The scheme for optical characterization of the silicon opto-mechanical resonator
is identical to that for the silicon nitride opto-mechanical resonator, as detailed
in section 3.4. Figure 4.4 (a) shows a typical optical spectrum recorded for this
resonator. The waveguide couples to various optical resonances. Figure 4.4 (b)
shows a high Q optical resonance centered at 1557.84nm with a total optical quality
factor of 31,000. The grating couplers introduce a loss of 6dB at each facet, and
have a full width at half maximum (FWHM) bandwidth of 40nm.

4.2.2 Electro-mechanical characterization

To identify the mechanical modes of the resonator, we characterise the RF trans-
mission of the resonator using a network analyzer. Figure 4.5 shows a schematic
of the experimental setup. A bias-tee is used to apply a combination of DC bias
voltage along with AC power from port 1 of an Agilent N5230A network analyzer
at the probe-pads of the electrode with a Cascade GSG RF probe. The tunable
laser is blue detuned to the half maximum point of the optical cavity. Mechanical
motion of the device induced by the applied input voltage translates into intensity
modulation of the laser light, which is picked off and converted into electrical RF
signal by a Newport 1544-A near-IR photoreceiver connected to the optical fiber
output. The output of the photoreceiver is connected to port 2 of the network an-
alyzer. The RF frequency is swept from 100MHz to 10GHz and the transmission

spectrum for the modulator is recorded. Figure 4.6 shows a typical transmission
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Figure 4.4: (a) SEM of the fabricated coupled silicon opto-mechanical res-
onator. (b) The waveguide-resonator gap is chosen to be 100nm
to ensure critical coupling to multiple optical modes.

o6



Network Analyzer
CW Laser I Bias Tee I-l

DC+ac
e
SO
@F Ty Photodetector
wed

Figure 4.5: Experimental setup for characterization of the RF transmission
of the modulator.

spectrum obtained for such a two coupled-ring resonator. These spectra can be

obtained at a variety of DC voltage and laser power combinations.

4.3 f-Q Scaling in Micro-Ring Resonators

MEMS resonators designed for oscillator applications to date have quality factors
lower than the TED limit [56, 57]. For designing high performance oscillators, two
figures of merit that one should maximize are f —(@Q (mechanical frequency-quality
factor product) and k2 —@Q (electromechanical coupling constant-mechanical quality
factor product), which dictate the close to carrier phase noise and mechanical
energy stored in the resonator respectively. While progress has been made towards
optimizing the latter [58, 59], resonators demonstrating high f-Q products close to
the TED limit have managed to do so at expense of feed-through, thus necessitating

indirect measurement techniques such as local oscillator (LO) mixing [60] or FET-
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Figure 4.6: Wide RF transmission spectrum of the resonator. Various me-

chanical modes of the device are sensed via optical intensity mod-
ulation at the photo receiver. A combination of 0dBm RF power
and 20V DC bias was applied at the electrodes. Insets: COM-
SOL simulations of mode-shapes for fundamental and second or-
der wineglass mode and radial mode. Key modes are indicated
using circles (radial) and triangles (wineglass).
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based sense [22].

The quest for designing a low phase noise opto-acoustic oscillator requires iden-
tifying mechanical modes with high f — @) products. For our integrated silicon
opto-mechanical resonator, we choose a ring geometry over a disk as the former
combines the ability to achieve high mechanical frequencies and high capacitive
actuation area. Wineglass modes of such resonators have been studied previ-
ously from theoretical [31] and experimental [60] standpoints. In case of 4-spoke
supported released ring resonators, wineglass modes have less stress distribution
along the inner perimeter of the ring in the two orthogonal 0°-180° and 90°-270°
directions. In comparison, radial mechanical modes can never have zero stress
distribution at the ring perimeter and thus are expected to have lower mechanical
Qs. Moreover higher harmonics of wineglass modes have lesser stress near the
spokes and thus should be more immune to anchor loss [61]. An illustration of
this is shown in Figure 4.7, which compares the stress distribution for two com-
pound wineglass modes. The stress in the orthogonal axes at points on the inner
periphery of the ring resonator is smaller for the higher harmonic as compared
to the fundamental mode. Lower anchor losses at higher frequencies augur well
for designing low phase noise oscillators employing these higher order mechanical

modes.

The integrated electro-mechanical drive and opto-mechanical sense scheme we
have developed offers a direct measurement platform to probe the mechanical
modes of MEMS resonators. Indeed, the high sensitivity provided by this scheme
makes it possible to detect thermal Brownian motion of these resonators. This
chapter uses this scheme to study frequency scaling of quality factors of wineglass

modes and radial modes in ring resonators. The next section provides details on a
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Figure 4.7: Hlustration comparing immunity of wineglass mechanical modes
(right) to anchor losses unlike radial modes (left).

qualitative comparison of wineglass and radial modes and trends to expect. Then
we present experimental results to study these trends and derive insights based on

our findings to design higher performance oscillators.

4.3.1 Anchor loss limited quality factor

The measured f-Q product for the mechanical resonance at 1.1GHz is 2.7x10'2Hz,
which is far lower than the f-Q product of silicon due to material losses [62]. Demon-
strations of quality factors of 18,000 at 3.72GHz in silicon [22] have been realized,
which approaches values very close to the material limit. To investigate the anchor
losses in the coupled silicon opto-mechanical resonator, we turn to COMSOL finite
element method (FEM) simulations. The technique for estimating anchor losses

uses a perfectly matched layer in COMSOL was explained by Steeneken et al. [63].
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The simulation treats acoustic energy transfered into the substrate through the an-
chors as loss using a matched layer. Figure 4.8 shows the trend in anchor losses
estimated for radial and wineglass modes for the coupled ring resonator. Higher
order radial modes exhibit a saturation of the f-Q product in sharp contrast to
increasing trend observed in higher order wineglass modes. This behaviour is at-
tributable to the increased immunity to anchor losses in higher order wineglass

modes.

4.3.2 Thermo-elastic damping (TED) limited quality fac-

tor

In order to improve the resonator, the designer needs to consider all aspects that
produce damping and noise in the system. For example, resonators are usually run

in vacuum to minimize effects of air and squeeze-film damping.

Thermo-elastic damping (TED) [64, 65] is an important factor that the res-
onator designer needs to address. It is a result of a phenomenon called thermoe-
lastic friction, which takes place when you subject any material to cyclic stress.
The stress results in deformation, and the required energy is mostly stored as in-
ternal potential energy. However, materials heat under compressive stress and cool
under tensile stress. Thus, due to the heat flow from warmer to cooler regions en-
ergy is also lost as nonrecoverable thermal energy. The amount of thermo-elastic
friction and damping depends on the rate of this energy loss. The magnitude of
the energy loss depends on the vibrational frequency and on the structures thermal
relaxation time constant, which is the effective time the material requires to relax

after an applied constant stress or strain. Therefore, the effect of thermo-elastic
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Figure 4.8: Comparison of FEM simulated f-Q products for TED and anchor
loss mechanisms. The TED limited f-Q values are two orders
of magnitude larger than the anchor loss limited f-Q products,
which indicates that anchor loss mechanisms determine the qual-
ity factor in the resonator.

dissipation, and consequently the damping, is most pronounced when the vibration
frequency is close to the thermal relaxation frequency. Analytical expressions for
the TED limited quality factor are possible to be obtained for simple structures
such as uniform beam resonators [66]. However, for complicated structures such
as a coupled ring resonator system, it is preferrable to use finite element method
simulation (FEM) with an eigenfrequency analysis that combines heat transfer and
structural mechanics in one equation system. The eigenmodes thus obtained are

thermo-elastic.

Figure 4.8 shows the FEM simulated TED limited Q values for the device com-
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pared to the anchor loss limited Q values also obtained from FEM simulations.

The net quality factor, Q,.;, depends on Qs from all loss mechanisms in the res-

onator, Q; as Qiet =5 QL In other words, the loss mechanism with the largest

loss determines the ultimate quality factor of the resonator. The plot clearly shows

that the coupled ring-resonator system is dominated by anchor losses.

4.3.3 Comparison of f-QQ product in radial and wineglass

modes

Using the direct acousto-optic characterization scheme, we measure the quality
factor for the different modes belonging to the radial and wineglass mode families.
Figure 4.9 shows the variation of {-QQ for these modes. The Q for radial mode
decreases for higher order modes in such a way that the measured f-Q saturates
to a value close to 9x10'Hz. In contrast to the radial mode, the f-Q for the
wineglass mode family increases for higher harmonics. This measured trends are
similar to those obtained via FEM simulations. The highest f-QQ is measured to be
5.11x10"%Hz at 9.82GHz. These measurements were performed in air and at room

temperature.

4.3.4 Temperature scaling of f-(Q product in radial and

wineglass modes

Based on the measurements we perform at room temperature, we believe the qual-
ity factors for the radial modes are limited by anchor losses. To corroborate this

hypothesis, we investigated the variation of quality factors for the wineglass and
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Figure 4.9: -Q vs f plotted for harmonics of the radial mode and the wine-

glass mode. Unlike the radial mode, the f-QQ for the wineglass
mode does not saturate and the value for higher harmonics keeps
increasing. Measurements were carried out at room temperature
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Figure 4.10: {-Q vs f plotted for harmonics of the radial mode at various tem-
peratures. At room temperature the f-Q for higher harmonics
of the radial mode saturates at a value close to 9x102Hz. At
lower temperatures the value of f-QQ shows an increasing trend.

radial mode families with temperature. The device was tested in a Lakeshore
TTP4 probe station under 9uTorr pressure, and liquid nitrogen was used to cool
the chamber. A modified optical probe arm was introduced in the probe station

to couple laser light to the devices via grating couplers.

We measured the performance of this modulator at various temperatures down
from room temperature to 80K. The TTP4 optical probe arm connectors introduce
further losses in addition to the losses due to grating couplers. This limits the
highest observable signal frequency to roughly 6GHz, and displacement sensitivity

at frequencies beyond this value is limited by noise.
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Figure 4.11: {-Q vs f plotted for harmonics of the wineglass mode at various
temperatures. The f-Q) for higher harmonics shows a rising trend
at all temperatures.

Figure 4.10 shows the variation of f-QQ as a function of temperature for the
radial mode family. The saturation in the value of f-Q for higher order modes
seen at room temperature no longer holds and the variation shows a rising trend.
It would be misleading to interpret this as transition from anchor-loss dominated
regime to phonon-phonon dissipation limit. The measured value of {-QQ at 5.67GHz
at 80K is 10X lower than the maximum calculated limits for <100> silicon [62].
The wineglass mode family on the other hand, shows an increasing trend in the
f-Q product for higher order modes at all temperatures as seen in Figure 4.11. As
in the case of radial modes, the values measured are far lesser than the theoretical
limit [62]. This implies that higher harmonics of the wineglass mode are more

resilient to anchor losses.
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4.4 Limitations of Two Coupled-Ring Resonator Architec-

ture

Careful design of the coupling spring for a compound radial mode at 1.1GHz
ensures a low insertion loss (<30dB) for the coupled opto-mechanical resonator,
which allows us to operate the resonator as an oscillator in a closed feedback
loop [11]. The insertion loss for higher order radial modes at 2.2GHz (>60dB),
3.3GHz (>80dB) however are significantly higher which makes it difficult to design
oscillators using these mechanical modes (see Figure 4.6). Scaling the design to
a compound radial mode of 2GHz, by resizing the ring width to 2um and inner
ring radius to 7um results in significant insertion loss (>40dB) at the frequency of

interest, as shown in Figure 4.12. for the original coupled ring design.

The primary reason for increased insertion loss are 1) inefficient acoustic trans-
duction at higher mechanical frequencies and 2) lesser displacement sensitivity of
the optics due to reduced overlap of the motional sidebands with the optical cavity
resonance lineshape. We first present two solutions to overcome the inefficiency
of the acoustic transduction scheme, elaborated in the next section. The last sec-
tion of this chapter presents a solution to boost the efficiency of the optical sense

scheme.

4.5 Micro-Resonator Arrays

The silicon opto-mechanical resonator system presented in the sections above ex-
hibits very large RF insertion losses at frequencies beyond 1GHz. The transduc-

tion efficiency of electrostatic capacitive actuation at higher frequencies is strongly

67



P__ =14dBm

Transmission S, (dB)

3 4 5 6 7 8 9
Frequency (GHz)

Figure 4.12: RF transmission spectrum for a 2um wide ring measured using
a network analyzer. The insertion loss for the fundamental,
second order and third order radial expansion modes at 2.1GHz,
4.2GHz and 6.3GHz respectively are too large to operate the
mechanical resonator as an oscillator in a closed feedback loop.
Insets show the corresponding FEM simulated mode shapes for
the three radial modes of vibration.
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determined by the electrode-resonator gap, and consequently higher frequency me-
chanical modes have a large motional impedance due to reduced electrostatic force,
higher stiffness and smaller motion amplitudes. A thorough mathematical treat-
ment is presented in the next section. The smaller motion amplitude also results
in incomplete optical modulation, and thereby the sense scheme displacement sen-

sitivity is also limited.

Among the most direct methods for lowering the motional resistance of capac-
itively transduced micromechanical resonators are: 1) scaling down the electrode-
to-resonator gap, and 2) raising the dc-bias voltage. However, both these methods
come at a cost of reduced linearity of the transduction scheme. It has been shown
in the past that implementing an array of identical mechanical resonators coupled
mechanically helps lower the motional resistance R, [67] and also achieves larger

displacement [68]. These two schemes are elaborated in the follwoing sub-sections:

4.5.1 Lowering resonator motional impedance

Consider an array of N mechanical resonators coupled mechanically using half-
wavelength coupling beams as shown in Figure x. This system is analogous to N
R-L-C resonators connected in parallel to each other. The composite array has
an effective mass M/, = NMs; and an effective stiffness K/, = NK.ss, where
Mec¢s and K. s¢ are the effective mass and stiffness for each individual resonator.
By driving all the resoantors in the array, the transducer area A is also increased
to A” = NA. This results in an N-fold increase in the transduction coefficient
n = Vdceogﬁz, where V., €y and g are the applied DC voltage, permitivitty of
air and the resonator-electrode gap respectively. Ideally, this leads to an N-fold

reduction in the motional resistance R,:
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The above equation assumes perfect matching between the resonator frequen-
cies and quality factors. Even a tiny deviation in frequency from a matched case
leads to spurious modes around the mechanical mode of interest and lead to lesser
than N-fold reduction in the motional resistance [67]. This problem can be over-
come by controlling the phase of the AC voltage drive on each resonator individu-
ally. However, practical implementation of this scheme presents routing challenges
and additional experimental complexity, and hence we choose to use a single phase

drive for subsequent experimental demonstrations.

4.5.2 Displacement amplification

As derived in equation 2.9, if the laser frequency is detuned to the full-width-half-
maximum (FWHM) point of the optical resonance, w,, the modulation depth
depends linearly on the motion induced frequency shift. The opto-mechanical cou-
pling coefficient for a micro-ring resonator is given by gy, = % = —%, where R
is the radius of the micro-ring. Thus, larger mechanical displacement translates to
greater shift in the resonance frequency, thereby enhancing the modulation depth.

Hence it is desirable to get large mechanical displacements in addition to operating

in the resolved sideband regime, to achieve efficient modulation.

The acousto-optic modulator presented in section 4.2 is extended to an array of
mechanically coupled ring resonators for large electrostatic driving force. We also
use a mechanical lever system [68] to realize displacement amplification. An array

composite of rings on the input electrostatic side feeds via an acoustic quarter-
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20pm

Figure 4.13: (a) Ilustration of the micromechanical displacement amplifier.
The three-quarter wavelength coupling beam connecting the
output opto-mechanical resonator on the left to the array com-
posite of drive micro-mechanical resonators on the right ensures
mechanical displacement amplification. (b) Scanning electron
micrograph (SEM) of the fabricated acousto-optic frequency
modulator (AOFM). Insets: Finite element simulation (FEM)
of the mechanical mode shape of the ring at 176MHz (left -
fundamental radial expansion mode) and 1.09GHz (right - com-
pound radial expansion mode).
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wavelength coupling beam into a single output opto-mechanical ring resonator, as

illustrated in Figure 4.13 (a).

Consider a strongly coupled array of N ring resonators strongly coupled to
each other using half-wavelength coupling beams. The effective stiffness of the
composite resonator defined by the array is K s = NK,, where K, is the stiffness
of each individual ring. Coupling this array to another ring resonator using a
quarter-wavelength coupling beam results in a mismatch of the stiffnesses on either
side of this coupling beam. A quarter-wavelength coupling beam, by definition,
forces the velocity at both ends of the beam to be the the same. Thus, the kinetic
energy of the moving ends of the coupling beam, and hence the stored potential
energy in the resonators on either end of the beam is the same. Thus, if z, is
the radial displacement of the output opto-mechanical ring resonator, and z4;yqy is
the radial displacement of each ring resonator in the array, the energy constraint

ensures:

1 1 .
—f(rflf2 = = efforra,y = z = \/N (42)

o
2 2 Larray

Thus, the difference in stiffnesses of the input array and output ring results in
an enhancement of the displacement at the output. Figure 4.13 (b) shows an SEM

of an array of such resonators employing displacement amplification.
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4.6 Partial Air Gap Transduction via Atomic Layer Depo-

sition (ALD)

Conventional air gap capacitively-transduced RF MEMS resonators typically have
high motional impedances on the order of a few k2 [69, 70, 56]. Sub-GHz par-
tial gap resonators with 10 nanometer air gaps achieving impedances <1k{2 have
been shown [71]. Extending the frequency of these resonators entails scaling of
resonator dimensions, leading to increased motional impedance at higher frequen-
cies. Dielectric electrostatic transduction has several benefits over conventional
capacitive air gap transduction schemes for higher frequencies and smaller dimen-
sions [72]. However, there is no clear understanding on which of these transduction
schemes is better for a given design frequency and desired mode shape of the res-
onator. The following sections discuss integrating a partial air gap transduction

scheme into the fabrication of the coupled silicon opto-mechanical resonator.

Motional impedance models for air gap transducers [73] and internal dielectric
transduced resonators [72] are available in literature. However, partial air gap
transduction lacks a good analytical BVD model in literature that can accurately
predict resonator performance for varied applications. Designers often feel the need
for a complete model for dielectric transduction that can help them determine the
motional impedance for various schemes for their design of choice, thereby enabling
them to pick a scheme that works best. An earlier attempt to model partial
gap beam resonators [71] was limited by distortions of the beam geometry at
the resonator-electrode interface, resulting in significant deviation from measured
results. Appendix D presents a model that is built on the methodology presented
in [73].
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4.6.1 Choosing the right ALD material

Deriving insights from equation D.10, we note that to achieve significant reduction
in R, it is desirable to use a material with large dielectric constant (e;). Intuitively,
this amounts to a net resonator-electrode capacitance comprised of the reduced air
gap capacitor connected in series with the capacitors formed by the dielectric on
the resonator and the electrode. For reduced R,, it is necessary that the net
capacitance be dominated by the air gap capacitance, since the modulation of this

capacitance with displacement is the prime determinant of the motional current.

Atomic Layer Deposition (ALD) provides a uniform and conformal film depo-
sition with sub nanometer thickness accuracy controlled by the number of reaction
half cycles used. When working with thin film resonators, such as those employed
here for opto-mechanics, it is important to keep in mind the mass loading on the
resonator and coupling beams due to the ALD material, which leads to a degrada-
tion in the mechanical quality factor due to sub-optimal coupling post ALD. For
this reason, it is important to choose an ALD material that is closely matched in
acoustic velocity to the resonator material (Si). Also, it is beneficial to identify an
ALD material that is easy to etch/pattern, in order to get rid of ALD material over
areas of the chip where ALD coating is undesirable e.g. on the bond-pads used to
establish electrical contact with the resonator and electrodes. Keeping these rea-
sons in mind, the prime ALD candidates for s Si resonator are aluminum nitride
(AIN) and alumina (AlyO3), which lead to significantly lower distortions in me-
chanical Q compared to conventionally employed materials with higher dielectric

constants such as hafnia (HfO,) and titania (TiO,) [74].
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4.6.2 Fabrication process incorporating ALD alumina

We transfer the released devices as fabricated in section 4.1 into an ALD chamber
and blanket coat the entire chip with 30nm alumina (Al,O3). We then need to
remove the alumina deposited on the bond pad to be able to make electrical contact
to our device. Also we cannot spin coat photoresist on our sample as the released
devices would then break off due to shear force. Instead we spray coat the sample
with 6um thick diluted photoresist (1:10 S1805:Acetone) and pattern the resist via
contact photolithography to expose the bond pads. We develop the resist using
tetramethylammonium hydroxide (TMAH) based developer. This developer also
simultaneously etches the exposed alumina without damaging the bond pads. We
then strip the resist in acetone and finally dry the devices using a critical point
dryer. Figure 4.14 shows an illustration of the fabrication process flow. SEM
images show clear reduction in the resonator-electrode gap from 130nm to 70nm

post ALD (see Figure 4.15).

4.6.3 Post-release photolithography on a MEMS structure

Ultrasonic photoresist spray equipment is used in photolithography wafer pro-
cessing, often as an alternative to spin coating or vapor deposition for thin film
processing of MEMS or other semiconductor wafers needing uniform conformal
coating of areas with high aspect ratios. These processes often require ultra pre-
cise uniform thin film coatings of photoresist into difficult areas such a V-grooves
and deep vertical trenches. This same spray-coating technique can be adopted to
obtain photoresist coating on a suspended MEMS structure. Conventional resist

spin coating will damage the suspended structure due to shearing forces encoun-
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. 1. Deposit 30nm 2.Spray coat 1:10
Suspended device thick Al20s via ALD $1805:Acetone

L = =
‘ ALD alumina

photoresist
— I L JL]

3. Expose photoresist. Develop
photoresist and dissolve Al20s in
TMAH

4. Dissolve photoresist in acetone
and dry sample in critical point dryer

Figure 4.14: Illustration of fabrication process flow on suspended silicon res-
onators to incorporate ALD for reducing the resonator-electrode
gap. The blue ellipse in step 4 highlights the removal of ALD
material from the bond pads, and the red ellipse highlights the
reduced air gap.

electrode
resonator

c.p.li.ng' ea

Figure 4.15: SEM highlighting reduction of the resonator-electrode gap from
130nm to 70nm after depositing alumina. Particles seen on the
resonator are on account of ALD non-uniformity.
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tered at large rotation speeds on the order of thousands of rotations per minute
(RPM). By precisely controlling the amount of photoresist sprayed on to the struc-
ture, repeated spray steps can be employed to obtain a uniform, thick photoresist

coating to protect the device for further photolithography steps.

Spray coating involves the formation of a resist film via millions of pm-sized
resist droplets moving towards the substrate. Each technology for droplet genera-
tion requires a certain low resist viscosity of usually a few ¢St. To put this number
in perspective, it is helpful to note that water at 20°C has a kinematic viscosity
of 1cSt. Varying the resist viscosity impacts the droplet generation rate as well as
the droplet diameter distribution. When diluting resists with a solvent, one has
to consider possible incompatibilities of certain solvents with the resist, as well as
the fact that highly diluted photoresists generally reveal an accelerated ageing of
the resist in the diluted state with particle formation as a consequence. Moreover,
the solvent also evaporates during flight and it affects the resist viscosity landing
on the sample. Thus, there are many parameters that need to be optimized while
developing a recipe for resist spray coating. A common procedure employed to
reduce the size of the variable space to be optimized is to modify an existing well-
developed spray coating recipe to suit the requirements of the problem at hand.
Since the released structures we wish to cover with photoresist have an undercut
of ~2um, the resist film thickness deposited in a single spray coating step should
be much smaller than a micron to prevent stiction and damage to the suspended
structures. Repeated spray coating should be performed to obtain a thick re-
sist film with thickness >3um to obtain a robust film that can withstand contact
stresses experienced during contact photo-lithography. Figures 4.16 (a) and (b)
show photographs of a chip with released devices, and one such coupled-resonator

array respectively spray coated with photoresist.
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Figure 4.16: (a) Photograph of a 2cm x 2cm chip spray coated with pho-
toresist. The rough texture seen in the photograph results from
the resist being sprayed as a colloidal mixture. (b) Optical mi-
crograph of the released opto-mechanical resonator array spray-
coated with photoresist.

4.7 2GHz Opto-Acoustic Oscillator

This section explores two innovations to the two coupled-ring resonator design to
realize a high frequency opto-acoustic oscillator. The first innovation is to use the
micro-mechanical displacement amplifier design to achieve larger optical modula-
tion. The second innovation is to use the partial air gap capacitive transduction
scheme via ALD alumina to enhance the electromechanical transduction efficiency
at higher frequencies. We incorporate both these ideas into the resonator design
to demonstrate an electrostatically actuated silicon OAO operating at 2.05GHz.
The following sections provide details on the experimental setup and characteriza-
tion of the oscillation signal, along with comprehensive understanding of the noise

mechanism in this oscillator.
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Figure 4.17: FDTD simulated comparison of grating coupler performance
prior to and post the ALD deposition step. The intensities are
normalized to the highest transmitted optical power post ALD
at 1580nm.

4.7.1 Post ALD electro-mechanical characterization

The performance of the grating couplers is simulated with the ALD coating atop
the device. Figure 4.17 shows a boost in the grating transmission simulated using

Lumerical FDTD (see section 3.3 for details).

Figure 4.18 shows the measured enhancment in the optical performance for the
modulator post ALD. The grating transmission is boosted by 3dB, and the half-
width-at-half-maximum bandwidth of the gratings increases from 15nm to 20nm.
We choose a high optical loaded quality factor (@) resonance at 1574nm shown

in Figure 4.19.
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Figure 4.18: Optical transmission spectrum highlighting increase in grating
transmission and bandwidth post ALD. The half-width-at-half-
maximum bandwidth for the grating couplers increases from
15nm to 20nm.
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Figure 4.19: High optical Q resonance for the device coated with 30nm alu-

mina. The total (loaded) optical quality factor of the cavity is
~62,000. The laser power is set to -15dBm.
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Figure 4.20 shows a comparison for the transmission of the modulator measured
prior to and post the ALD fabrication step. The signal boost at higher frequencies
is clear and the enhancement is most prominent for the mechanical mode with

frequency 2.1GHz, which shows 5 orders of magnitude improvement in insertion

loss (-88dB pre ALD; -41dB post ALD).

Mass loading of the resonator and the coupling beams due to ALD, in addition
to acoustic velocity mismatch between silicon and alumina results in degradation
of the mechanical Q from 2,300 prior to ALD to 800 post ALD. The large boost in
signal power is attributable to 5dB boost in optical power (see Figures 4.4 (b) and
4.19) and reduction in the motional resistance from 1.1MS2 pre ALD to 307k(2 post
ALD (see equation D.23 (11dB reduction). Figure 4.21 shows typical improvements
in insertion loss at 2GHz recorded for 5 devices. The average improvement for

devices in these measurements is obtained to be 30dB.

The large improvement for device 3 is explained by the impact of the ALD on
the resonator radius and the beam length. The coupling beam length is designed
to be 3)\,/2, where )\, denotes the acoustic wavelength for the radial expansion
mode at 1.1GHz. Fabrication variations across the chip could result in deviations
on the order of the electron beam spot size used in the e-beam lithography step
(~20-30nm at 5nA beam current) from this ideal value. A half-wavelength coupler
has infinite stiffness and causes no mass loading on the resonator. Deviation from
this length results in the coupler introducing mechanical dissipation in addition to
frequency splitting in the modes of vibrations of the rings [75], as shown in Figure
4.22. With multiple rings coupled in a strongly coupled array, the mismatch is
more pronounced, as different rings experience dissimilar loading from the springs.

Depositing ALD alumina on the device results in increasing the radius of the rings,
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Figure 4.20: Comparison of the modulator transmission spectrum (a) pre
ALD and (b) post ALD. The most pronounced transduction
enhancement is recorded at 2.05GHz (47dB improvement).
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Figure 4.21: Typical improvement in insertion loss at 2GHz recorded for 5
devices pre and post ALD. The average improvement in these
measurements is obtained to be 30dB. Pre and post ALD mea-
surements on each were performed using comparable optical
quality factors. The laser power in each measurement was set
to 15dBm, and a combination of 30V DC and 0dBm RF power
was applied at the electrode.
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Ar=-60nm

Figure 4.22: FEM simulations highlighting the frequency splitting intro-
duced by changing the resonator radius by £60nm.The rings
have identical displacement amplitudes when the beam length
is an odd multiple of A\,/2. When the beam length deviates
from the ideal value, the displacement amplitudes in both ring
resonators are dissimilar, which translates to impaired trans-
duction and lower quality factor.

thereby reducing the mechanical resonance frequency. Simultaneously the beam
length reduces as the ring radius increases, which increases the resonance frequency
of the coupling beam. Thus, designs with initially unmatched ring and coupling
spring resonance frequencies could be tuned to ideal dimensions via ALD alumina
deposition. This results in the large enhancement in insertion loss recorded for

device 3.

To select the second order compound radial expansion mode at 2.05GHz and

85



suppress the other mechanical modes of the device, we use a band-pass filter (Mini-
circuits VBFZ-2000-S+). Figure 4.23 shows the RF transmission spectrum mea-
sured by introducing the filter at frequencies near 2.05GHz. The spectrum shows
8 prominent peaks that arise from the 8-fold symmetry of the mutually coupled
rings in the device vibrating in the second order compound radial expansion mode
(Figure 4.23 inset). The other spurious peaks are attributed to imperfections in
the beam lengths due to fabrication variations. The tallest peak at 2.047GHz
corresponds to the mechanical mode with best momentum balance. The second
tallest peak at 2.067GHz has a frequency separation of 20MHz from this mode and
has 8dB larger insertion loss. Since the oscillator loop locks to a single mechan-
ical mode, an oscillator operating at 2.047GHz will not be affected by the other

mechanical modes.

4.7.2 Delay line oscillator design

The mechanical resonator can be operated as an oscillator in a closed feedback
loop. The condition required for oscillation is set by the Barkhausen criterion,
that requires an overall loop gain of unity, and the phase around the loop an inte-
gral multiple of 27 at the oscillation frequency. To overcome transmission losses in
the opto-mechanical resonator, an amplifier is required that provides unity gain for
the open loop. The other condition is ensured by either choosing an appropriate
feedback circuit or using a phase shifting circuit. A typical electronic circuit to
obtain oscillators using mechanical resonators is the Pierce oscillator circuit which
consists of a transistor to provide the gain and a combination of capacitors in feed-
back for the phase. We operate the 2.05GHz mechanical resonance in a feedback

loop using an amplifier (Mini-circuits ZQL-2700MLNW+) and a phase shifter us-
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Figure 4.23: Transmission spectrum of the device measured with the intro-
duction of a band-pass filter to select mechanical modes around
2GHz. Inset: Finite Element Method (FEM) simulated me-
chanical resonance mode shape at 2.047GHz.
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Figure 4.24: Schematic of the delay line oscillation loop.

ing the oscillator topology outlined in [11]. Figure 4.24 shows a schematic of the

oscillator feedback loop.

4.7.3 Oscillation phase noise

Figure 4.25 shows the RF spectrum and phase noise of the oscillations at 2.05GHz.
The oscillation signal phase noise at 10kHz offset from carrier is -80dBc/Hz. We
measure the phase noise using an Agilent 5052B signal source analyzer. Using a
low noise amplifier results in lack of 1/f* slopes down to 5kHz offset from carrier

in the phase noise plot unlike [11].

88



-100

Phase noise (dBc/Hz)

-120

V,, =45V

2.046 2.047 2048
Frequency (GHz)

Output RF power (dBm)

..1.0k | 100k

M 1oM

Frequency offset from carrier (Hz)

Figure 4.25: Phase noise of the oscillations at 2.05GHz, with 80dBc¢/Hz noise

at 10kHz offset from carrier.

Inset: RF spectrum of oscilla-

tions at 2.05GHz. The phase noise is measured using an Agilent

5052B signal source analyzer.
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Figure 4.26: Schematic of the OAO loop highlighting the primary noise
sources.

4.7.4 Phase noise model for opto-acoustic oscillators

To model the phase noise of the OAO, we follow a methodology similar to con-
ventional noise analysis in PLL systems [76] and optoelectronic oscillators [77].
The fundamental noise contributions in the OAO arise primarily from the thermal
noise, the photodetector shot noise, noise contributed by the amplifier, and the
laser’s intensity noise. Consider the noise loop shown in Figure 4.26. For the sake
of noise analysis, we can break the loop and write down an expression for the

noise-to-signal ratio at the output of the amplifier.

The power spectral density of the Brownian motion can be written as in equa-

tion 4.3 as follows:
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where kp is the Boltzman constant, 7" is the ambient temperature, and Qpech, Meff
and ..., are the quality factor, effective mass and frequency of the mechanical

resonance respectively.

The motion of the cavity leads to modulation of the transmitted optical power

at the output of the device, y/(P?

o od) = %PCWSz (Qneen)- The scale factor, 4L,

dr

denotes the change in optical transmission (7') with radial displacement (r). Note

that we can express % in terms of the opto-mechanical coupling coefficient, goa,
as &L — dldwo _ py H,,; is the cavity transfer function expressed as in
dr ~— dwo dr opt JOM - opt y P

equation 4.4[32]:

Hopt — 4F2xt F?ntA(%

a8+ (5]

where Ay = wy — w, is the static detuning of the laser frequency (w,) with respect

(4.4)

to the optical cavity resonance frequency (wp), I'ess is the decay rate associated
with coupling of photons to the optical cavity, and I';,; and I';,; are the intrinsic

and loaded cavity photon decay rates respectively.

The power noise spectral density at the output of the photodetector can then

be expressed as follows:

\/<P73,PDout> - \/(PTQrwd>G%’D = HopthMPC’WSm (Qmech) G%DD (45)

The noise spectral density at the input terminal of the amplifier can then be

written down as (in units of V?/v/Hz):
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The first term in the RHS is the thermal Brownian noise amplified by the
photodetector gain (Gpp). The second and third terms are the detector shot
noise and the laser’s intensity noise respectively. For benchtop tunable lasers, the
intensity noise is negligibly small compared to the thermal noise and the shot noise
and can be safely ignored. The optical power at the input of the photodetector is
denoted by Pcew, V is the responsivity of the photodetector, I, = WPy is the
photocurrent across the load resistor of the photodetector, Rpp, and Ngyy is the
relative intensity noise (RIN) of the input laser. The noise at the output of the
amplifier can then be expressed in terms of the noise factor (F') and the gain (G 4)
as Pn,out = I pn,outGi- This gives the following expression for noise-to-signal ratio

at the output of the amplifier:
Pn,out
§ = wout 4.7
Po, (4.7)

Following the derivation in [77], the full width at half maximum (FWHM)

linewidth of the oscillation signal is then obtained as:

)
272

where 7 = 2§—C’ -+ % is the delay in the oscillation loop, due to circulation of
p

mech

photons inside the optical cavity <%:’”> and the filter response of the mechanical

resonance <2QQ’”—W> With an expression for the oscillation linewidth in place, we

mech

can model the phase noise [34] for the OAO as below:
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Figure 4.27: Comparison of measured phase noise for oscillation signal at
2.05GHz to phase noise calculated using the model presented
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where f3 is the corner frequency for f% noise in the phase noise spectrum, and f, =

Jmech/2Qmeen is the Leeson corner frequency for the oscillator. The comparison of
the phase noise calculated using this model to measured phase noise is shown in

Figure 4.27.

The Newfocus 1544-A photoreceiver used in the experiments reported in earlier
sections has a Noise Equivalent Power (NEP) of 24pW /v/ Hz. The dominant con-
tribution to the noise spectral density in equation 4.6 comes from the shot noise in

the photodetector. To design an oscillator with lower phase noise, we need to use a
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Figure 4.28: Comparison of measured phase noise for oscillation signal at
2.05GHz to phase noise calculated using the model presented
here. The black curve is the phase noise recorded using a New-
Focus 1544 A photoreceiver and the red curve is obtained using a
Discovery Semiconductors R604-APD avalanche photodetector.
The green and blue dashed curves are the calculated phase noise
performance using the phase noise model. The model clearly fits
well to the measured phase noise numbers.

photoreceiver with a lower NEP. Also, it is desirable to have a large gain and an RF
bandwidth >2GHz for the photoreceiver. The R604-APD avalanche photodetec-
tor manufactured by Discovery Semiconductors provides a single ended conversion
gain of 12,000V/W and a 3-dB bandwidth of 7GHz, with an NEP <2.4pW /v/H 2.
Using this photoreceiver, we obtain a phase noise floor of -137dBc/Hz as seen in
Figure 4.28. However, to provide sufficient gain in the feedback loop, we have to
use an additional amplifier (Minicircuits ZRL-2400LN, alongwith a 20dB attenu-
ator to avoid gain saturation in the amplifier chain), which shifts the 1/f* corner

frequency to ~200kHz.

The RF signal generated by the photodetector depends on the detuning of the
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Figure 4.29: Variation of phase noise for the oscillation signal at 2.05GHz for
various relative detuning values. A DC voltage of 35V was used
to operate the oscillator.

laser wavelength from the cavity optical resonance wavelength. As a result, the
phase noise of the oscillation signal also varies with the detuning, as captured in
equation 4.4. Figure 4.29 shows phase noise spectra for the oscillator recorded
at various relative detuning values measured using the R604-APD photoreceiver.
Relative detuning is defined as é—g, where Ay = wy—w, is the detuning of the pump
laser frequency w, from the cavity optical resonance frequency wyp, and 9 is the full-
width-at-half-maximum (FWHM) linewidth of the cavity optical resonance. Figure
4.30 compares the measured phase noise at 100kHz offset from the carrier with the
calculated value of phase noise based on the model presented here. The measured
trend in phase noise agrees well with the calculated trend, and we conclude that

it is desirable to choose a relative detuning value ~1 for the best phase noise

performance.

Another interesting observation from equation 4.8 is that increasing the total
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Figure 4.30: Phase noise at 100kHz offset from carrier measured for various
relative detuning values. The measured trend in the phase noise
variation agrees with the calculated trend based on the phase
noise model.
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delay in the loop will lead to reduced linewidth and hence lower phase noise.
Improving the mechanical Q is akin to adding more acoustic delay in the loop.
Optical delay can be introduced by increasing the optical Q. However, a mechanical
Q of 1,000 at 1GHz translates to a mechanical delay of 2us. An optical Q of
100,000 at 1,550nm (193.5THz) corresponds to an optical delay of 0.5ns. To get
an optical delay comparable to the mechanical delay, the optical Q has to be on
the order of 1 billion, which is not easy to achieve in chip scale silicon photonic

resonators. Off-chip delay can be introduced by integrating an optical fiber spool

in the loop. A 5km long fiber corresponds to an optical delay of 3::7?/3 = 16.6us.
Figure 4.31 shows 35dB reduction in the close-to-carrier phase noise of the opto-
acoustic oscillator achieved by introducing this fiber spool. However, this increases
the cavity length of the oscillator, making the cavity mode spacing smaller than
the bandwidth of the intracavity mechanical RF filter. This results in generation

of spurs in the output of the oscillation signals [78] as seen in the phase noise plot

in Figure 4.31.

4.7.5 Phase noise of oscillation harmonics

The optical resonance shape is Lorentzian, and therefore opto-mechanical modu-
lation is inherently non-linear as described earlier in section 2.4. When the motion
of the opto-mechanical resonator exhibits oscillations at 2.05GHz, the non-linear
modulation results in generation of multiple harmonics of the fundamental oscilla-
tion frequency, as seen in Figure 4.32. The signals at these frequencies are expected
to have the same noise signature as the fundamental harmonic at 2.05GHz. The
non-linear shape of the optical resonance serves as an ideal frequency multiplier in

this case, and hence the noise of all the higher oscillation harmonics of order n are
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Figure 4.31: Comparison of measured phase noise for oscillation signal at

2.05GHz to phase noise calculated using the model presented
here.

expected to be worse than the phase noise of the 2.05GHz signal by 20log;¢(n)dB.
The phase noise for the 4.1GHz and 6.15GHz signals follows this trend as seen in
Figure 4.33. We use band-pass filters to select the oscillation harmonics at 4.1GHz
(VBFZ-4000+) and 6.15GHz (VBFZ-6260+) at the input of the Agilent 5052B

signal source analyzer.

4.7.6 Comparison to state-of-the-art

A popular figure of merit (FOM) for oscillators summarizes the important perfor-
mance parameters — phase noise L (Af), oscillator frequency f,s. and DC power

consumption Ppc — to make a fair comparison:
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Figure 4.33: Comparison of phase noise of the oscillations at 2.05GHz,
4.1GHz and 6.15GHz. The phase noise for the higher harmonics
of order n is worse than the fundamental by 20log(n)dB. The
RF oscillation signal power is the same for all curves (-5dBm).

FOM = L (Af) + 20logyg (Af) + 10log1o ( Foc ) (4.10)

osc ImW

The second term neutralizes the effect of the offset frequency Af while tak-
ing the oscillator frequency into account. Pp¢ is measured in milli-Watts (mW).
Table 4.1 compares the performance of the OAO presented here to other state-of-
the-art chip-scale oscillator technologies. The phase noise is scaled to an oscilla-
tion frequency of 1GHz for a fair comparison. The FOM for our 2.05GHz OAO
is completely dominated by the oscillator’s DC power consumption. The large
power consumption comprises of the laser power consumption (166mW), photode-
tector (250mW) and RF amplifier (320mW). The Santec TSL-510 laser used in
our experiments has a power efficiency of 6%. Low power laser and photodetector

development is an active area of research, and power scaling of on-chip lasers and
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Table 4.1: Oscillator Figure Of Merit (FOM) comparison

Reference Oscillation Technology | Phase mnoise | DC Power | FOM
Frequency at 100kHz off- | Consump- | (dBc/Hz)
(GHz) set (dBc/Hz) | tion (mW)

[10] 0.06 MEMS -135 0.35 -195

[14] 3.4 FBAR -140 20 -216

[79] 30 OEO -120 1800 -196

[30] 4.936 CMOS -102 2 162

This 2.05,4.1,6.15 | OAO -110 740 -167

work

detectors should enable an OAO with FOM on par with state-of-the-art. Even in

the current form, the OAO outperforms state-of-the-art in high performance high

frequency CMOS oscillators.
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CHAPTER 5
ACOUSTO-OPTIC FREQUENCY MODULATION

Optical frequency modulation has been achieved in microstructures using sur-
face acoustic waves to strain self-assembled InAs/GaAs quantum dots [81]. Photon
generation at >GHz frequency spacing from a single pump laser has been realised
in silicon nitride and silicon dioxide via nonlinear optical processes such as the op-
tical Kerr effect [82] and stimulated Brillouin scattering [37, 38, 39]. It is difficult
to exploit such non-linear optical phenomena in silicon, primarily owing to two-
photon absorption that limits optical power handling. Wavelength conversion in
silicon has been demonstrated using fundamentally all-optical schemes [83, 84, 85]
and via free-carrier plasma dispersion effect [86], making their integration on micro-

electronic chips challenging.

We analyzed opto-mechanical modulation in great detail in Chapter 2. Em-
ploying this scheme at GHz rates will provide valuable narrow-band acousto-optic
modulators for direct conversion of electrical signals to optical intensity modu-
lation that are valuable towards realizing a chip-scale opto-electronic oscillator
(OEO) [77]. In addition to intensity modulation, it is desirable to achieve fre-
quency modulation, which adds variable group delay into the optical field, thus
potentially boosting phase noise performance of the OEO. This chapter presents
an analysis of coincident intensity and frequency modulation in the coupled silicon
opto-mechanical resonator. This design can open up avenues towards realizing a
truly chip-scale OEO and enable on-chip Dense Wavelength Division Multiplexing
(DWDM) using a single input laser. The next section presents the theoretical ba-
sis for the operation of this device. The final section covers experimental results

obtained using our device.
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5.1 A General Treatment of Coincident Amplitude Mod-

ulation (AM) and Frequency Modulation (FM)

Consider a sine wave carrier expressed by the general equation below:

s(t) = Acos(w,t) (5.1)

A is the amplitude and w, is the frequency of the carrier signal. When the
signal is amplitude-modulated with a modulation index m 4, at frequency w,,, the

expression for the modulated signal can be written as follows:

sam(t) = A[l + manrcos(wpt)]cos(w.t)

mAMA
2

A
= Acos(w.t) + Ay

cos[(we + wm )t] +

cos[(we — wm)t](5.2)

Thus, amplitude modulation generates symmetric sidebands around the carrier
at frequencies w, + w,, and w, — w,,. For 100% modulation, i.e. may; = 1, the
amplitude of each band is half that of the carrier, which corresponds to 6dB lower
power than carrier. In amplitude modulation, all the power injected into the signal
via the modulating signal is added at the sidebands, without affecting power at

the carrier frequency.

Consider frequency-modulation of the carrier at frequency w,, with a modula-

tion index mpgy;. The modulated signal now has multiple frequency components:
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sear(t) = Alcos(wet + mpprsin(wpt))]

= Alcos(wct)cos(mpprsin(wmt)) — sin(wet)sin(mey sin(wnt))](5.3)

Noting that
cos(mppsin(wpt)) = o0 2nday, (mpar)cos(2nwy,t) and
sin(mpasin(wpt)) = o o 2Jong1(mpar)sin([2n + 1wnt), we can express the sig-

nal in terms of all its frequency components:

spm(t) = AlJo(mpar)cos(wet) + Z o o(=1)" T (mpar)[cos((we — nwy, )t)

+(=1)"cos((we + nwy, )t)]] (5.4)

The expression highlights the phase relation between all the frequency com-
ponents. Each sideband is characterised by its order n. The vector sums of the
odd-order sideband pairs are always in quadrature with the carrier component
of the signal and the vector sums of the even-order sideband pairs are always
collinear with the carrier component. The phase shift for the odd-order sidebands
arises from the reversal of phase for the lower frequency sidebands with respect
to the higher frequency sidebands. The power in the lower and higher frequency
sidebands is the same for sidebands of all order. Unlike AM, FM affects the power
at the carrier frequency. FM does not involve injecting power into the signal - the
modulating signal results in redistribution of the power at the carrier frequency

into all the sidebands.
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From equations 5.2 and 5.4, it is clear that if a signal has coincidental AM and
FM, the higher and lower frequency sidebands of the first order are asymmetric, i.e.
the power in the higher frequency sideband is different from the power in the lower
frequency sideband. The mismatch in power depends on the phase relationship
between the AM and FM processes. It is also interesting to note the effect of
introducing asymmetry in the intensities of lower and higher frequency sidebands
in equation 5.4. The amplitude of the resulting signal is no longer constant, and

has AM in addition to FM.

5.2 AM and FM in Opto-Mechanical Systems

Silicon opto-mechanical resonators operated in the resolved sideband regime stand
out as strong candidates for optical frequency modulation (FM) owing to their
strongly coupled mechanical and optical degrees of freedom [28]. This coupling
mechanism is nonlinear and the non-adiabatic response of the intra-cavity opti-
cal field to changes in the cavity size can lead to modification of its mechanical
dynamics. On the other hand, if the mechanical resonant mode of the cavity is
actuated, the cavity executes oscillatory motion at this frequency which results
in Doppler-shift of the circulating intra-cavity optical field, thus modulating its
phase. In the frequency domain, this frequency modulation manifests itself as
sidebands centered about the input laser frequency line, at a frequency separation
that is equal to the frequency of the actuated mechanical resonance. The cavity
density of states shapes the resultant sidebands leading to enhancement of only
those sidebands that are coupled to the optical cavity, thus causing an asymmetry
in the intensity of the lower and higher frequency sidebands. This asymmetry

leads to an effective amplitude modulation (AM) of the laser light, in addition to
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frequency modulation.

Recall from chapter 2, the expression for the intra-cavity light field in an opto-
mechanical resonator exhbiting sinusoidal mechanical motion, as derived in equa-

tion 2.9:

0)"Jn(B)
(1) \/_n;oo —i—zA—i—nQ)

exp(i(Wopt + Ny )t +iBcos(Qpt)]  (5.5)

Of particular interest are the cases where /2 > (A+Q,,) and £/2 < (A+Q,,).
The former case corresponds to unresolved motional sidebands. Noting that
J_n(B) = (=1)"J,(5), it is easy to see that the lower and higher frequency primary
sidebands are in phase with each other, resulting in predominant amplitude mod-
ulation. In the latter case of resolved motional sidebands, the phase relationship is
reversed, leading to predominant frequency modulation. For other detuning values,
the sidebands are highly asymmetric in the resolved sideband regime. When the
detuning is zero, the motion of the optomechanical cavity leads to pure phase mod-
ulation of the laser light. For non-zero detuning, the cavity density of states leads
to an asymmetry in the relative sideband intensities, which results in coincidental

amplitude modulation and frequency modulation of the laser light.

5.3 Experimental Characterization of Optical Sidebands

We use the displacement amplifier array described in chapter 4 for demonstrating
the asymmetry in optical sidebands. A high Q optical resonance with a loaded
total quality factor ~110,000 (see Figure 5.1) is chosen, which corresponds to a

half width at half maximum linewidth of 881MHz for the optical cavity. This
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Figure 5.1: A high optical quality factor resonance with half width at half
maximum linewidth of 881MHz.

satisfies the resolved sideband regime criterion for the compound radial expansion

mode of vibration for the ring at 1.1GHz.

For observing the motion-generated optical sidebands for the modulator, we use
a Thorlabs SA210-12B scanning Fabry-Perot (FP) interferometer. The confocal
design of this FP Interferometer cavity is relatively insensitive to the alignment
of the input beam. The tunable laser is blue detuned to the optical cavity and
a bias-tee is used to apply a combination of DC bias voltage and AC voltage at
the resonance frequency of the mechanical mode using an Agilent E8257D PSG
Analog Signal Generator. Using an SA201 control box for the FP interferometer,
the wavelength of the FP cavity is scanned across its entire range by sweeping the

voltage on the piezo-controller in the control box. The transmitted light intensity
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is measured using an internal photodiode, amplified by a transimpedance amplifier
inside the control box, and displayed on an oscilloscope. As the FP cavity scans
across wavelengths, its output on an oscilloscope shows a peak whenever it passes
across a sideband. The controller also provides a trigger signal to the oscilloscope,
which allows the oscilloscope to easily trigger at the beginning or the middle of
the scan. The free spectral range (FSR) of the FP interferometer that we use is
1.5GHz, and this information is used to scale the x-axis of the oscilloscope output
from units of time to frequency offset from pump laser. The root mean square
(RMS) noise voltage of the photo-amplifier in the control box is 1.5mV for a gain
setting of IMV /A. The measured FSR for the cavity is 7.2ms and the full width half
maximum (FWHM) linewidth is 35us, which correspond to 1.5GHz and 7.2MHz
respectively, and cavity finesse of 205. An illustration of the experimental setup is

shown in Figure 5.2.

Figure 5.3 shows the calculated frequency spectrum showing the intensities of
the sidebands for the modulator normalized to the input pump laser intensity for
operation and 177.75GHz and 1.09GHz using equation 2.9. The relative detuning,
defined as %, is set to 0.5. The displacement amplitude was calculated by follow-
ing the derivation in section 4.6. A displacement amplification factor of v/7 was

accounted for displacement at 1.09GHz.

Figure 5.4 shows measured sideband intensities for the two mechanical modes
measured at different relative detuning values. Panels (a)-(b) show recorded op-
tical sidebands at 177.75MHz. As expected, the asymmetry in the sidebands is
very small for this mechanical resonant mode of the opto-mechanical cavity, on
account of unresolved motional sidebands. A combination of 10V DC and 5dBm

AC power was applied at the input electrode of the modulator. Maximum asym-
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Figure 5.2: Experimental setup for characterization of the optical sidebands
of the modulator using a scanning FP interferometer. The fre-
quency of the applied AC voltage corresponds to the resonance
frequency of the mechanical mode of interest.
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Figure 5.3: Calculated spectrum for the modulator response at 177.75MHz
and 1.09GHz for relative detuning of 0.5. A combination of
10V DC and 5dBm AC power was considered at the input elec-
trode for operation at 177.75MHz, and a combination of 20V DC
and 8dBm AC power was accounted for at 1.09GHz. The pri-
mary sideband intensities are highly asymmetric for operation at
1.09GHz. The Y-axis has a break between 0.02 and 0.2 to clearly
show the sideband intensities at both frequencies.
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metry is observed for a relative detuning value of 0.5, which corresponds to the half
maximum point of the optical cavity resonance. This is in sharp contrast to the
highly asymmetric intensities observed in case of the mechanical resonant mode
at 1.09GHz as shown in panels (d)-(e). A combination of 20V DC and 8dBm AC
power was applied at the electrodes in this case. The asymmetry confirms the
co-existence of AM and FM in the light field at the output of the modulator. The
apparent mismatch in frequency of the positive and negative frequency sidebands
is an artifact of the scan rate of the Fabry-Perot interferometer. It is possible
to realize perfect FM with no AM by setting the detuning of the laser with re-
spect to the cavity to zero, but this requires additional feedback loops, such as the
Hansch-Couillaud technique [87]. The frequency modulation factor (modulation
index) for an opto-mechanical cavity was defined in equation 2.9 as 5 = 95—;". The
measured frequency modulation factor for our modulator operated at 1.09GHz is
0.067, which corresponds to a greater than 67X improvement over earlier reported

numbers for silicon nanobeams [88]. This large modulation factor is significant for

efficiently generating multiple laser lines in silicon.
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Figure 5.4: Measured optical spectrum at output of the modulator us-

ing a scanning FP interferometer. (a)-(b) When operated at
177.75MHz for relative detuning values 0.5 and 0.375, we ob-
serve almost symmetric lower and higher frequency sidebands in
the optical spectrum on account of amplitude modulation of the
laser light. The distorted shape of the laser line is an artifact of
the scan. (d)-(e) The sidebands are highly asymmetric in the case
of operation at 1.09GHz, which corresponds to resolved motional
sidebands. Relative detuning of 1.5 corresponds to detuning on
the order of the mechanical resonant frequency, resulting in max-
imum asymmetry. The free spectral range (FSR) of the FP in-
terferometer used here is 1.5GHz, which leads to aliasing from

adjacent sweeps and hence we only show the region of interest
around £1.09GHz.
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CHAPTER 6
ELECTRO-MECHANICAL PHOTODETECTOR

Cavity opto-mechanical systems offer a unique platform wherein the coher-
ent interaction rate is larger than the thermal decoherence rate of the system,
as realized in ground-state cooling experiments [88]. This interplay of light and
motion opens up an array of novel applications in classical and quantum optics
communication [89, 90, 91]. In the classical regime, opto-mechanical systems have
enabled wide-band optical frequency conversion [92] and multi-channel all-optical
radio frequency amplification [93]. Realization of an on-chip silicon communica-
tion platform is limited by photo-detectors needed to convert optical information

to electrical signals for further signal processing.

Classical and quantum information transfer and storage utilize photons for long
range communication [82, 94, 95]. Photons are appealing for such applications on
account of their weak interaction with the environment and resiliency to thermal
noise due to their high frequency. On the other hand, acoustic phonons have lower
bandwidth and experience significantly higher losses associated with transmission,
but can be delayed and stored for longer times and can interact resonantly with
RF-microwave electronic systems. It has been proposed in the past that a hybrid
phononic-photonic system could perform a range of tasks unreachable by purely
photonic and phononic systems [41, 96, 97]. Furthermore, such a system should
also be capable of being directly integrated with electronics used for processing
radio-frequency (RF) signals. Achieving this in an all silicon chip-scale platform
has been pursued with great zest, as silicon processing offers benefits in terms
of lowering manufacturing cost, obtaining high yields, and promises seamless on-

chip integration with electronics. However, as the field of silicon photonics has
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grown, a theme that has emerged is that as a platform, silicon does not provide
best-in-class devices for all tasks [98]. True monolithic integration of photonics
devices with cutting-edge 28nm or smaller CMOS processes is a very challenging
task. Making process modifications to support such integration will fundamentally
change the models for transistors, at the cost of degrading their performance. Not
modifying the process is an option, and recently researchers have shown that some
photonic functionality can be integrated with minimal post-processing in a silicon-
on-insulator (SOI) CMOS process [99]. A key component for CMOS compatible
silicon photonics is a photodiode capable of detecting light in the near infrared.
Various CMOS compatible photodiodes have been demonstrated [100, 101, 102]
but they suffer from complex processing steps to overcome lattice mismatch is-
sues, large area consumption and susceptibility to dark current. In this chapter,
we present an alternate photodetector that responds opto-mechanically to optical
intensity modulation, thus converting the signal from photon—phonon—-electron,
instead of depending on an avalanche or photoelectric process in a non-silicon
material. This scheme is universal, and could potentially be of interest to opto-
mechanical resonators fabricated in piezoelectric materials such as aluminum ni-
tride [52], and materials with attractive mechanical and optical properties such
as single crystalline diamond [103]. The experiments and theoretical analysis pre-
sented in this chapter constitute a purely classical demonstration of converting
optical modulation to an RF electronic signal. The device we present here can,
in principle, enable quantum state transfer as proposed in other opto-mechanical

systems [96, 104].

Figure 6.1 shows an illustration showcasing the principle of operation of this
detector using the coupled silicon opto-mechanical resonator. The opto-mechanical

resonator located in close proximity to the waveguide is actuated via optical gra-
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Figure 6.1: Ilustration of operation of the electromechanical photodetector.

dient forces generated by the modulated input light field. These mechanical vi-
brations z(€2) are coupled to the other mechanical resonator flanked by electrodes
via the coupling beam. The motion of this resonator is sensed via a high dynamic
range electrostatic capacitive sense scheme, resulting in an AC current (7o, ()

generated on account of modulation of the capacitance formed by the air gap

between the resonator and the electrode.

6.1 Theoretical Framework

6.1.1 Optical gradient force actuation

Consider an input pump field A,(t) = Ay(t) + 0A,(t), where the first term

denotes static field amplitude and the second term is a dynamic modulated
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term. Correspondingly the intra-cavity dropped field can be expressed similarly as

a,(t) = ap(t) + 0a,(t), where:

IV e

—— Ay (6.1)
%_jAP !

Clp() =

Here A, is the detuning of the laser (w,) from the cavity resonance (wp) and
I';n, Ter and I'y,; are the intrinsic cavity photon decay rate, photon decay rate
associated with coupling to the cavity, and photon decay rate of the loaded optical
cavity respectively. The intra-cavity field is normalized to the intra-cavity energy,
U, = |a,|*. The optical gradient force acting on the opto-mechanical resonator can

then be expressed as follows [32]:

gom Up
Wp

F,

grad —

(6.2)

gom denotes the opto-mechanical coupling coefficient. The gradient force con-
sists of two terms: Fpq4(t) = Fyaa0(t) + 0F4qaa(t). The first term is a static
force whereas the second term is the dynamic component related to the laser light

modulation 6U,(t), given by:

_9omOU, _ gom [
Wp Wp

O F raa(t) = apodap(t) + apoéa;(t)} (6.3)

The mechanical motion (z) of the cavity follows: 7 + I,z + Q%z =

Fgrad,O(t)+5Fgrad(t)+FT
Meff

, where m.y is the effective mass of the mechanical mode with
frequency €2,,, I';,, is the intrinsic mechanical damping rate, and Fr is the thermal
Langevin force responsible for the thermal Brownian motion. The dynamic dis-

placement of the resonator is affected largely by the dynamic gradient force, as the
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thermal Langevin force is relatively much smaller in magnitude. The back-action
of the mechanical motion changes the value of the resonant frequency and damping

rate of mechanical motion. The spectral response of this force is given by [32]:

2 .
_QQ%MUpoAp A;% -+ (Ft;t) + 71602

s [ v or ()] [0, + (57

(6.4)

Define £(Q2) = Q2 — Q% —jT,,Q — %f}; The dynamic mechanical displacement

on account of the optical gradient force is given by:

. j\/ FengM

_ o0 A, () a0 A% (—9)
Meg pwpl(€2) Do

z(Q - + -
() A+~ A, —0) 1

(6.5)

Here 521; is the Fourier domain representation of the modulated input light
field. This expression is complete in the sense that it accounts for motion actuated
due to the optical gradient force acting on the resonator, and also the back-action
induced by the motion on the optical field. Substituting equation 6.1 into equation
6.5 yields:

,%/(Q) _ _FengM AzoéAp(Q) + Ap06A;;(_Q)
Mespwpl(Q) (Fg2 — JA,) [3(Dp + Q) = Bt (A, — Q) + Hpt

2 2

(6.6)

In the unresolved sideband regime, the equation above reduces to the limit

lim z(€2):

Q—0
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T (6.7)
Tesgors [-38, (43608, + Ad B(~) )|
mep s, ((Q) (% = jA,) |42 + e
G exgorrd Pin(Q)
mesgiont(€) (5 — A,) [ A2+ T

Q

The derivation above assumes that the displacement amplitude of the resonator
is small i.e. the perturbation of the detuning on account of mechanical motion is
very small compared to the unperturbed detuning <%wo < Ap>. In the large
amplitude regime, where the detuning oscillates between large positive and neg-
ative values, the small signal model derived above fails to hold. An extensive
study of opto-mechanical oscillation amplitudes was recently presented by Poot
et al. [105]. The optical backaction on the resonator enables radiation pressure
induced self-sustained oscillations whose limit cycle is set by the dynamic range
of the cavity. This sets a maximum limit on the amplitude of mechanical motion

[105], which would amount to saturation of the motional current generated by the

detector.

6.1.2 Electrostatic capactively transduced sense scheme

If C' denotes the capacitance formed by the air gap between the resonator and
the electrode, and ¢ denotes the resonator-electrode gap, the motional current
flowing into the electrode in response to the motion of the resonator and applied

DC voltage, V. is expressed as:
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dC dC dg

' =Vie— = Voe—— 1
Zout<t) ‘/dc dt ‘/dc dg dt (6 0)
The dynamic component of this current can then be written down as:
~ ac . RhO .
Bou(0) = Vae'g OT(Q) = Vae? 7= 2(0) (6.11)

Here R, h and 0 denote the outer radius of the resonator, device thickness and
the electrode-resonator overlap angle respectively. Substituting equation 6.9 into

equation 6.11, we get:

Tout(R) — AT gon Viaceo RO 6.12)
§Pm(Q) g2mefpr£(ﬂ) (Ftot _ jAp) [Ag T %}

2

The expression derived above in equation 6.12 can be interpreted as the “elec-

tromechanical responsivity” (R.,,) of the detector.

6.2 Experimental Characterization

We choose the coupled micro-ring geometry with a resonator-electrode gap of
50nm described in Chapter 3 for the photodetector. Figure 6.2 shows a schematic
of the experimental setup used to characterize the photodetector performance.
Light from a Santec TSL-510 tunable diode laser is modulated with a Photline
MXAN-LN-10 lithium niobate electro-optic intensity modulator (EOM). An Agi-
lent N5230A network analyzer is used to characterize the detector efficiency. The

input laser light is modulated by connecting the RF input of the modulator to port
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Figure 6.2: Schematic of the experimental setup used to characterize the sili-
con detector. Mechanical motion is actuated by modulating con-
tinuous wave laser light coupled into the opto-mechanical res-
onator using a Photline MXAN-LN-10 electro-optic modulator.
The mechanical motion is sensed via electrostatic capacitive actu-
ation by applying V4. = 40V DC voltage at the electrode using
a bias tee. A network analyzer is used to measure the 2-port

transmission of the device.

1 of the network analyzer. The output power is sensed by connecting the signal

from the metal bond pad to port 2 of the network analyzer.

band as seen in Figure 6.3(a).

The silicon opto-mechanical resonator has many optical resonances in the C-

overcoupled resonance at 1,548.9nm, with an extinction of 8dB shown in Figure
6.3(b). As derived in equation 6.12, the motional current amplitude is proportional

to the cavity coupling rate, I'.;, and hence operating with an overcoupled resonance
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is desirable. However, this also reduces the loaded optical quality factor, and hence
there is a trade-off associated with overcoupling to the resonator. The rich optical
spectrum of the resonator offers us a wide choice of optical resonances to choose

from.

A DC bias voltage of 40V is applied at the metal bond pad using a bias tee.
We apply an input RF power (P, rr) of 0dBm at port 1 of the network analyzer,
and measure the output RF power (FP,,) at port 2. The transmission of the
device operated in this configuration corresponds to the “gain” of the photodetector
(Pout/ Pin.rr). Figure 6.4 shows the measured gain for the detector at various input
laser power levels measured at the resonator (by discounting the coupling loss). The
signals measured correspond to mechanical vibrations of the fundamental radial
expansion mode at 174.2MHz and compound radial expansion mode at 1.198GHz
(panel (a) and (b) respectively). The measured gain depends on the input laser
power, akin to nanomechanical resonator based microwave amplification reported

by Massel et al. [89].

The maximum laser power is set 4dB below the threshold for onset of radia-
tion pressure induced self-oscillations of the fundamental radial expansion mode.
Measurements were carried out at room temperature and S5mTorr pressure. The
minimum detectable signal at the sense port of the network analyzer (port 2) is
set by the receiver’s noise floor at this port, which depends on the averaging factor
used while carrying out the measurement. An averaging factor of 16 was used
in all the measurements to optimize the sensitivity of the network analyzer. The
RF power applied at port 1 of the network analyzer is 0dBm. The input laser
wavelength is set to the 3-dB off resonance wavelength, and the laser is blue de-

tuned with respect to the optical cavity. Measurements were carried out at room
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Figure 6.3: (a) Optical spectrum for the opto-mechanical resonator based
silicon photodetector. The input laser power is +2dBm. The
connectors and grating couplers add 8dB loss at each facet. (b)
High optical Q resonance used to operate the photodetector. We
intentionally choose an overcoupled resonance in order to mea-
sure larger motional current.
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Figure 6.4: Frequency spectra for the detector gain (P,y:/Pin rr) measured

using network analyzer. Measured detection of optical modula-
tion for (a) fundamental radial expansion mode at 174.2MHz,
and (b) compound radial expansion mode at 1.198GHz. The
insets in panels (a) and (b) show the corresponding finite el-
ement method (FEM) simulated mechanical mode-shapes. (c)
Simulated transmission at frequencies near the fundamental ra-
dial expansion resonance frequency for laser power = +6dBm
and +9dBm. (d) Simulated transmission at frequencies near the
compound radial expansion resonance frequency for laser power
= +6dBm and +9dBm. Simulations for expected gain are based
on equation 6.11. Measurements were carried out at room tem-
perature and a pressure of HmTorr.
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temperature and a pressure of 5mTorr. The measured mechanical quality fac-
tors at 174.2MHz and 1.198GHz are 8,700 and 6,300 respectively. Substituting all
the experimental parameters into equation 6.11 and calculating the output power,
P = %, where R = 5012 is the load resistance, yields a conversion gain of
-97dB at 174.2MHz, and -98dB at 1.198GHz for +9dBm input laser power. The
simulated gain at frequencies near 174.2MHz and 1.198GHz are shown in Figure
6.4(c) and (d), which closely match measured gain values. The shift of the me-
chanical resonance frequency with increasing input laser power is attributed to
thermal heating of the device due to absorption of light coupled into the optical
cavity. Native single crystal silicon resonators have negative temperature coeffi-
cient of frequency (TCF), and hence larger optical power coupling into the cavity
lowers the mechanical resonance frequency. This shift in frequency is negligibly
small compared to the intrinsic mechanical resonance frequency <% ~ ().1%)

and hence this effect is not taken into account in simulation.

The conversion of signal from photons to phonons results in a conversion loss
of Q,,,/w,, which is to be expected, as evident in equation 6.12. The loss values at
174.2MHz and 1.198GHz are -60dB and -52dB respectively. Gaining insights from
equation 6.12, one could envisage a detector design with larger gain that benefits
from higher optical quality factor (Qy) resonances, smaller resonator-electrode
gaps (g), and smaller detuning (A,). However, choosing a smaller detuning value
could potentially launch the device into radiation pressure induced self-oscillations

[105], which leads to amplitude saturation.

In conclusion, this constitutes the first experimental demonstration of an on-
chip electro-mechanical detector fabricated on a CMOS SOI platform. The electro-

mechanical sense scheme enables a high dynamic range detection medium, and
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we observe efficient signal detection at 174.2MHz all the way up to 1.198GHz.
The resonant nature of this scheme makes this device a narrow-band detector,
whose bandwidth is limited by the quality factor of the mechanical resonance. The
sense scheme is universal, and can also be used for detection of optical modulation
induced by radiation pressure vibrations, which has successfully been demonstrated
at GHz rates in silicon [41]. This electro-mechanical detector thus introduces a

valuable component in the library of existing novel opto-mechanical devices.
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CHAPTER 7
CONCLUSION AND FUTURE WORK

This thesis focused on scaling conventional electrostatic capacitive MEMS
transduction to frequencies beyond GHz. To this end, an array of coupled sili-
con opto-mechanical resonators was employed in a feedback loop to demonstrate
oscillations at 2.05GHz. The process flow for post-release photolithography on a
MEMS device developed in this thesis will find useful applications across various
areas in MEMS, where the release step was conventionally considered the final pro-
cessing step while fabricating a device. Rayleigh scattering in optical resonators
was explored for boosting the displacement sensitivity at frequencies beyond 3GHz
(see appendix E), and future research efforts could focus on employing a combina-
tion of all the techniques developed here with advances in fabrication technology
to design MEMS oscillators for the microwave X-band, both in silicon and in vari-
ous other materials such as aluminum nitride, lithium niobate and CVD diamond.
A combination of radiation pressure induced oscillations along with closed-loop
forced feedback oscillations in the same opto-mechanical resonator could be in-
vestigated to further lower the phase noise in opto-mechanical oscillators. Both
oscillation phenomena have been well characterized individually [105, 106], and the
technology developed as part of this thesis should enable bringing together both
these phenomena and studying the dynamics involved. Some of the other potential
novel experiments and applications that could benefit from the work presented in

this dissertation are highlighted below.
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7.1 Future Experiments

7.1.1 Unreleased opto-mechanical oscillator (OMO)

Conventional OMO designs have involved fabricating released resonators, that face
problems of thermal optical nonlinearities and are not robust designs. Releasing
such resonators could also present fabrication challenges that make their realiza-
tion in a CMOS compatible process fairly complicated. Unreleased resonators,
on the other hand, demonstrate fairly linear optical resonances over a large range
of input laser power. The cladding surrounding the resonator also enhances the
optical quality factor of these resonators due to reduced surface scattering losses,
as discussed in Chapter 3. Optical frequency comb generation has been demon-
strated in similar silicon nitride micro-ring resonators [107, 108]. Whether unre-
leased resonators are realized in a CMOS or custom process, their implementation
provides high yield, low cost, robustness in harsh environments, and minimal or
no-packaging solutions. As a result of the leakage of acoustic energy by wave
paths into the surrounding medium, the mechanical performance of an unreleased
resonator is degraded relative to its released counterpart. This energy loss can
be mitigated by adding acoustic isolation structures [109]. Integrating acoustic
Bragg reflectors (ABRs) with an unreleased opto-mechanical resonator to design
for simultaneously high optical and mechanical quality factors could potentially
enable realization of an unreleased opto-mechanical oscillator. Moreover it is pos-
sible to design ABRs to realize GHz range frequencies using unreleased micro-ring
resonators, which would otherwise be practically challenging to achieve [19]. The
mechanical resonance frequency depends solely on the width of the ring resonator

whereas the free spectral range of the optical frequency comb depends solely on

128



Acoustic Bragg Silicon dioxide

J reflectors f cladding

Integrated

/’waveguide
Silicon nitride J

micro-ring

Kerr comb
output

Silicon dioxide
substrate

N,

Kerlroptical A

Kerro jcal + Kerrmet:hanical

Figure 7.1: Hlustration of a silica-cladded silicon nitride micro-ring res-
onator for generation of Kerr and acousto-optic frequency combs.
Acoustic Bragg reflectors help confine the mechanical energy
thereby leading to high mechanical quality factors. Operating
with optical input power beyond the threshold for optical fre-
quency comb generation and radiation pressure induced oscilla-
tions of the mechanical mode could potentially be employed to
generate coincident combs by designing the mechanical resonance
frequency equal to the free spectral range (FSR) of the optical
frequency comb lines.
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the circumference of the ring and not the width. By matching these two frequen-
cies, one could design a hybrid acousto-optic modulated micro-comb that would
open up avenues for frequency comb stabilization via acousto-optic modulation in
a manner similar to recent demonstrations in hycrid electro-optically modulated

micro-combs [110]. Figure 7.1 shows an illustration of such a scheme.

7.1.2 2D Opto-mechanical gyroscope

The state-of-the-art in gyroscopey is the hemispehrical resonator gyroscope (HRG)
manufactured by Northrop Grumman, which is a navigational grade gyroscope
used in inertial navigation units and satellite platform positioning [111]. How-
ever, this gyroscope is expensive, bulky, and laborious to manufacture. Chip-scale
MEMS gyroscopes typically use electrostatic actuation which require metal elec-
trodes to be integrated with the device. On the other hand, dielectric materials
have lesser internal damping, and a gyroscope designed in such a material platform
could benefit from the high mechanical quality factors [112, 113]. Opto-mechanical
transduction could be utilized to both actuate and read off the vibrations. NASA
JPL’s silicon disc resonator gyroscope (Si DRG) is currently being commercialized
and, through independent Army testing, has proven to be the highest performing
MEMS gyroscope in the world [114]. the structure is based on concentric rings with
arcs cut into the rings to provide more flexibility, better accuracy and performance,
and reduced shock sensitivity. Figure 7.2 shows an SEM of a DRG resonator with
outer radius 60um fabricated in silicon nitride following the process flow detailed
in Chapter 3. A pump-probe setup was used to interrogate the mechanical modes

of this structure.
Figure 7.3 (a) shows a schematic of the experimental setup. A high power pump
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Figure 7.2: SEM of a silicon nitride DRG resonator fabricated in the pro-
cess flow described in Chapter 3. Multiple waveguides can be
employed to probe the motion of the device at various points.
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laser coupled into an optical resonance of the opto-mechanical resonator is modu-
lated using an electro-optic modulator (EOM) to launch mechanical vibrations in
the resonator via optical gradient forces. A low power probe laser is also coupled
into the same waveguide along with the pump using a 50:50 power combiner. The
probe laser is coupled to a different optical resonance of the resonator. As the
resonator vibrates in response to the optical gradient force, the probe laser is mod-
ulated and can be used to sense the vibrations. An optical filter is used to filter
out the pump at the output such that the photodetector converts the modulation
information carried solely by the probe laser into an RF signal. Using a network
analyzer, we can obtain an electro-opto-mechanical transmission spectrum for the
silicon nitride DRG as shown in Figure 7.3 (b). Two pairs of orthogonal wineglass
modes are identified, and one could optimize the mechanical design to obtain high
mechanical quality factors to design an opto-mechanically transduced gyroscope.
Figure 7.2 also shows a DRG integrated with multiple waveguides to probe the

resonator at various points along its circumference.

In addition to designing high performance RF MEMS oscillators, this the-
sis also focused on developing MEMS techniques to realize applications and con-
duct fundamental studies benefitting the photonics community. The displacement
amplifier array of coupled opto-mechanical resonators was employed to demon-
strate acousto-optic frequency modulation. The electro-mechanical photodetector
demonstration using the device developed in this thesis could also potentially be
employed for photon-phonon state transfer [115], and extend the applicability of

opto-mechanics.

132



Network
Analyzer

Port 1
RF in PD
PC
Pump | EOM 000
Laser Optical in Device

Probe
Laser 3

50:50
Combiner

| Filter

(b)
-70 —
| —— Pumpon Qi;.\\
—— Pump off Y&}/
~ 80r P, =6dBm \\i;:///
E IDprobe = 3dBm \-V
U)ﬁ -90
s
i
L |
g -110 i |
|_
-120 - - -
11 12 13 14 15
Frequency (MHz)

Figure 7.3: (a) Pump-probe setup used to interrogate the mechanical modes
of the DRG design. (b) Electro-mechanical transmission spec-
trum of the DRG design showing two pairs of orthogonal wine-
glass mechanical modes suitable for gyroscopy.
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APPENDIX A
PROCESS FLOW FOR FABRICATING SILICON NITRIDE
OPTO-MECHANICAL RESONATORS

The starting substrate for the fabrication of the silicon nitride opto-mechanical

resonator is a silica on silicon wafer with 4um thermal oxide on silicon substrate.

1. Measure SOI stack
Equipment : Filmetrics

Measure stack height to establish oxide thickness

2. MOS clean

Equipment : MOS clean wet bench

Recipe: 10 minutes dip in 1:1:6 NH,OH:H,0,:H,O at 70°C
10 minutes dip in 1:1:6 HCl:H,0,:H,O at 70°C
Rinse in De-lonized (DI) H,O

3. LPCVD silicon nitride deposition
Equipment : LPCVD nitride furnace - B4
Recipe: 100 minutes standard nitride deposition recipe to obtain 300nm
SigN,.

4. Surface clean/preparation

Equipment : General chemistry hood

Recipe: 2 minutes dip in Surpass 3000 with ultrasonic agitation

Rinse in DI H,O
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5. Resist spin

Equipment : E-beam resist spinner

Recipe: Spin ma-N 2403 e-beam resist with parameters:
Speed = 3000rpm, ramp = 2000 rpm/s, time = 30s

Hard bake at 90°C for 1 minute

6. E-beam lithography
Equipment : JEOL 9500 e-beam lithography system

Recipe: Expose at 5nA with dose of 550C/cm? using proximity correction.

7. Develop
Equipment : Electron beam resist hood

Recipe : 75s in 726MIF developer

8. Resist height measurement
Equipment: P-10 profilometer

Recipe: Measure step height of the resist across alignment marks

9. Descum

Equipment: Oxford 81 etcher

Recipe:Oxygen plasma clean on empty chamber, time = 10 minutes

Oxygen plasma clean recipe on sample, time = 8s

10. Nitride etch

Equipment: Oxford 100 etcher

Recipe: Oxygen plasma clean on blank Si wafer, time = 10 minutes
CHF;0, nitride etch season on blank Si wafer for 3 minutes

CHF;0, nitride etch on sample, time = 4 minutes 7 seconds
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11. Metrology
Equipment : P-10 profilometer and Filmetrics
Recipe: Measure step height on P-10 profilometer and silicon nitride - buried
oxide stack on filmetrics. Use measurements to determine if nitride device

layer is completely etched.

12. Resist strip
Equipment : YES asher

Recipe: Use parameters O, flow rate = 100ssccm, Power = 1000W, Temper-

ature = 150°C, Time = 180s.

13. Step height measurement
Equipment : P-10 profilometer
Recipe: Measure step height on P-10 profilometer after resist removal to

obtain depth of over etch into oxide.

14. PECVD oxide deposition
Equipment: GSI PECVD

Recipe: Oxygen plasma clean, time = 15 minutes
Low dep rate PECVD oxide recipe on dummy wafer for 10 minutes,
followed by 10 minutes clean
Low dep rate PECVD oxide recipe on sample for 10 minutes,

followed by 10 minutes clean

15. Metrology
Equipment : P-10 profilometer and Filmetrics
Recipe: Measure step height on P-10 profilometer and oxide - silicon nitride
- buried oxide stack on filmetrics. Use measurements to determine if 1pm

thick oxide cladding is achieved.
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16. Resist spin

Equipment : Photo resist spinners

Recipe: Spin SPR 220-3.0 photoresist with parameters:
Speed = 3000rpm, ramp = 1000 rpm/s, time = 30s
Hard bake at 115°C for 90s

17. Expose - release mask

Equipment : ABM contact aligner

Recipe: Exposure time of 8s

Post exposure bake at 115°C for 90s

18. Develop
Equipment : General chemistry hoods

Recipe: 90s in 726MIF developer

19. Partial cladding etch

Equipment: Oxford 82 etcher

Recipe:Oxygen plasma clean on empty chamber, time = 10 minutes
CHF;0, oxide etch recipe on empty chamber, time = 10 minutes

CHF;0, oxide etch recipe on sample, time = 10 minutes

20. Hard bake
Equipment : Photoresist/E-beam resist hotplates

Recipe: 20 minutes at 140°C

21. Timed release etch
Equipment : Acid Hood

Recipe: 36 minutes 30 seconds in BOE 6:1
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22. Resist strip and CPD preparation

Equipment : Base/Solvent Hood

Recipe:10 minutes dip in acetone for resist removal
5 minutes rinse in 1:1 isopropyl alcohol:DI H,O

5 minutes rinse in isopropyl alcohol

23. Critical point drying Equipment : Critical point dryer
Recipe: Transfer samples to critical point dryer without exposing to air and

run standard recipe.
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APPENDIX B
PROCESS FLOW FOR FABRICATING SILICON
OPTO-MECHANICAL RESONATORS WITH ALD PARTIAL AIR
GAPS

The starting substrate for the fabrication of the coupled micro-ring silicon opto-
acoustic oscillator is a silicon on insulator wafer with 250nm thick high resistivity

(10-20 ohm-cm) (100) silicon device layer on 3um buried oxide.

1. Measure SOI stack
Equipment : Filmetrics

Measure stack height to establish device layer Si and buried oxide thickness

2. MOS clean

Equipment : MOS clean wet bench

Recipe: 10 minutes dip in 1:1:6 NH,OH:H,0,:H,0 at 70°C
10 minutes dip in 1:1:6 HCl:H,0,:H,O at 70°C
Rinse in De-lonized (DI) H,O

3. Thermal oxidation : hard mask creation
Equipment : Wet/Dry Oxide furnace - B2
Recipe: 24 minutes at 900°C using wet HCI oxidation to obtain 60nm oxide

hard mask.

4. Surface clean/preparation

Equipment : Acid chemical hood

Recipe: 2 minutes dip in Nanostrip

Rinse in DI H,O
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5. Resist spin

Equipment : E-beam resist spinner

Recipe: Spin ma-N 2403 e-beam resist with parameters:
Speed = 5000rpm, ramp = 2000 rpm/s, time = 30s

Hard bake at 90°C for 1 minute

6. E-beam lithography
Equipment : JEOL 9500 e-beam lithography system
Recipe: Expose at 2nA with dose of 1000C/cm? for waveguides, 800uC /cm?
for gratings, 600uC/cm? for the resonators and 500uC/cm? for the electrical

2

routing and probe pads. For arrayed resonators, use 550uC/cm® and for

arrayed electrodes, use 400uC/cm?.

7. Develop
Equipment : Electron beam resist hood

Recipe : 75s in 726MIF developer

8. Resist height measurement
Equipment: P-10 profilometer

Recipe: Measure step height of the resist across alignment marks

9. Descum

Equipment: Oxford 81 etcher

Recipe:Oxygen plasma clean on empty chamber, time = 10 minutes

Oxygen plasma clean recipe on sample, time = 9s

10. Oxide hard mask etch

Equipment: Oxford 100 etcher

140



Recipe: Oxygen plasma clean on blank Si wafer, time = 10 minutes
CHF;0, oxide etch season on blank Si wafer for 3 minutes

CHF;0, oxide etch on sample, time = 52 seconds

11. Metrology
Equipment : P-10 profilometer and Filmetrics
Recipe: Measure step height on P-10 profilometer and Oxide hard mask -
silicon - buried oxide stack on filmetrics. Use measurements to determine if

oxide hard mask is completely etched.

12. Resist strip
Equipment : Oxford 81

Recipe: Oxygen plasma clean on sample, time = 105s

13. Step height measurement
Equipment : P-10 profilometer
Recipe: Measure step height on P-10 profilometer after resist removal to

obtain depth of over etch into silicon

14. Silicon device layer etch

Equipment : Plasmatherm PT 770

Recipe: Season on dummy silicon wafer using process flow ssridar.prc for 4 minutes

Etch sample using ssridar.prc for 50s

15. Metrology
Equipment : P-10 profilometer and Filmetrics
Recipe: Measure step height on P-10 profilometer and oxide hard mask - sil-
icon - buried oxide stack on filmetrics. Use measurements to verify complete

etch of silicon device layer.
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16. Oxide hard mask removal

Equipment: Oxford 82 etcher

Recipe: Oxygen plasma clean, time = 10 minutes
CHF;0, oxide etch season on dummy wafer for 3 minutes

CHF;0, oxide etch on sample, time = 36s

17. Resist spin

Equipment : Photo resist spinners

Recipe: Spin SPR 220-3.0 photoresist with parameters:
Speed = 3000rpm, ramp = 1000 rpm/s, time = 30s
Hard bake at 115°C for 90s

18. Expose - ion implant mask

Equipment : ABM contact aligner

Recipe: Exposure time of 8s

Post exposure bake at 115°C for 90s

19. Develop
Equipment : General chemistry hoods

Recipe : 80s in 726MIF developer

20. Ion implantation
Equipment : Eaton Ion Implanter
Recipe : Boron ion implantation at 30keV, Dose = 2e15. Keep current low

to prevent photoresist burning.

21. Resist strip

Equipment : General Chemistry hood
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Recipe:10 mins acetone dip with ultrasonic agitation
5 minutes isopropyl alcohol dip

Rinse with DI H,O

22. MOS clean

Equipment : MOS clean wet bench

Recipe: 10 minutes dip in 1:1:6 NH,OH:H,0,:H,0 at 70°C
10 minutes dip in 1:1:6 HCl:H,04:H,O at 70°C
Rinse in DI H,O

23. Furnace anneal

Equipment : MOS clean anneal furnace - B1

Recipe: Load sample at 800°C
5 minutes 900°C nitrogen anneal

Unload at 7% unload rate at 650°C

24. Surface clean/preparation

Equipment : Acid Chemical Hood

Recipe: 2 minutes dip in Nanostrip
Rinse in DI H,O

Dehydration bake at 200°C for 5 minutes

25. LOR resist spin

Equipment : Photo resist spinners

Recipe: Spin LOR5A photoresist with parameters:

Speed = 500rpm, ramp = 1000 rpm/s, time = 10s
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Speed = 3000rpm, ramp = 500 rpm/s, time = 50s

Hard bake at 170°C for 5 minutes

26. SPR 220-3.0 resist spin

Equipment : Photo resist spinners

Recipe: Spin SPR 220-3.0 photoresist with parameters:
Speed = 3000rpm, ramp = 1000 rpm/s, time = 30s
Hard bake at 115°C for 90s

27. Expose - metal mask

Equipment : ABM contact aligner

Recipe: Exposure time of 12s

Post exposure bake at 115°C for 90s

28. Develop
Equipment : General chemistry hoods

Recipe : 270s in 726MIF developer

29. Metal evaporation
Equipment : SC4500 odd-hour evaporator
Recipe : Evaporate 25nm nickel ; followed by 25nm titanium and 50nm

platinum, without exposing the sample to air between steps

30. Lift-off

Equipment : General chemistry hoods

Recipe: 20 mins acetone dip with ultrasonic agitation
5 minutes isopropyl alcohol dip

Rinse with DI H,O
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31. Furnace anneal

Equipment : MOS metal anneal furnace - C2

Recipe: Load sample at 400°C
30 minutes 400°C 5% Hy /Ny anneal
Unload at 10% unload rate at 400°C

32. Surface preparation

Equipment : Acid Hood

Recipe: 30s dip in Buffered Oxide Etchant (BOE) 30:1
Rinse in DI H,O

33. Vapor prime Equipment : HMDS Vapor Prime oven
Recipe: Standard HMDS vapor prime recipe

34. Resist spin

Equipment : Photo resist spinners

Recipe: Spin SPR 220-3.0 photoresist with parameters:
Speed = 3000rpm, ramp = 1000 rpm/s, time = 30s
Hard bake at 115°C for 90s

35. Expose - release mask

Equipment : ABM contact aligner

Recipe: Exposure time of 8s

Post exposure bake at 115°C for 90s

36. Develop
Equipment : General chemistry hoods

Recipe: 90s in 726 MIF developer
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37. Hard bake
Equipment : Photoresist/E-beam resist hotplates

Recipe: 20 minutes at 140°C

38. Timed release etch
Equipment : Acid hood

Recipe: 23 minutes 30 seconds in BOE 6:1

39. Resist strip and CPD preparation

Equipment : Base/solvent hood

Recipe:10 minutes dip in acetone for resist removal
5 minutes rinse in 1:1 isopropyl alcohol:DI H,O

5 minutes rinse in isopropyl alcohol

40. Critical point drying Equipment : Critical point dryer
Recipe: Transfer samples to critical point dryer without exposing to air and

run standard recipe

41. Atomic Layer Deposition (ALD) of alumina
Equipment: Oxford ALD FlexAL

Recipe: Season ALD chamber by running Al,O, 300° plasma recipe for 100 cycles

Al,04 300° plasma recipe on sample for 400 cycles

42. Resist spray coating Equipment : Suss MicroTec Gamma cluster tool
Recipe: Spray coat 1:10 S1818:acetone to a thickness of 7um using SidTal-
lur_S1805_MEMS recipe.

43. Soft bake
Equipment : Photoresist/E-beam resist hotplates
Recipe: 60s at 90°C
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44. Expose - metal mask (to remove ALD material from bond-pads)

Equipment : ABM contact aligner Recipe: Exposure time of 100s

45. Develop and Al,O4 etch

Equipment : General chemistry hoods

Recipe:6 minutes in 726MIF developer

2 minutes rinse in DI water

46. Resist strip and CPD preparation

Equipment : General chemistry hoods

Recipe:10 minutes dip in acetone for resist removal
5 minutes rinse in 1:1 isopropyl alcohol:DI H,O

5 minutes rinse in isopropyl alcohol

47. Critical point drying Equipment : Critical point dryer
Recipe: Transfer samples to critical point dryer without exposing to air and

run standard recipe
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APPENDIX C
SIMULTANEOUS RADIATION PRESSURE INDUCED HEATING
AND COOLING OF AN OPTO-MECHANICAL RESONATOR

The ultimate sensitivity of optical sensing of mechanical motion is fundamen-
tally set by the Standard Quantum Limit (SQL) [106]. However, well before the
SQL is reached, backaction forces may dominate and severely alter the dynamics
of the intrinsic mechanical motion of the sensor. Due to a combination of large
mechanical oscillations and necessary saturation of amplification, the noise floor of
the opto-mechanical sensor increases, rendering it ineffective at transducing small
signals. Parametric instability is predicted to be a potential problem in the context
of the advanced Laser Interferometer Gravitational Observatory (LIGO) [116] and,
more generally, in many cavity opto-mechanical systems designed for ultra-precise
sensing. This can be controlled by designing elaborate feedback schemes [116, 106].
In this chapter, we demonstrate amplification of one mechanical resonance in a sil-
icon nitride micro-mechanical ring resonator while simultaneously cooling another
mechanical resonance by exploiting two closely spaced optical whispering gallery
mode cavity resonances. The possibility of simultaneous heating and cooling can
open up avenues in studying coherent phonon exchange and phonon dynamics
between different acoustic modes, and be of interest in MEMS gyroscopes and

studying aspects of condensed-matter and many-body physics at the macro-scale.

For this demonstration, we use the silicon nitride opto-mechanical resonator
discussed in chapter 3. We probe the interaction between the optical and me-
chanical modes of the ring resonator using an avalanche photodetector to convert
motion induced intensity modulation into RF signals as described in chapter 3. We

choose an optical mode with an optical quality factor of ~ 200,000 (and intrinsic
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Q > 500,000) and the laser wavelength is fixed such that it corresponds to a 3dB
drop in optical transmission off-resonance. At low input laser powers (5dBm), the
input light coupled into the cavity is modulated by the Brownian noise motion of
the mechanical modes of the micro-ring as shown in Figure C.1. The fundamen-
tal radial expansion mode of the micro-ring at a frequency of 41.97MHz causes
strong intensity modulation of the laser light as compared to a group of azimuthal
composite mechanical modes around 77MHz. This can be attributed to higher
effective path length change associated with the radial expansion mode, which

causes greater modulation of the laser light [28].

The fundamental radial expansion mode of the ring at 41.97MHz has mechan-
ical Q =~ 2,000 measured in air. As we increase the laser power, self-sustained
oscillations are observed for this mode above the input threshold power as shown
in Figure C.2. The sharp threshold behavior is characteristic of radiation pressure
induced parametric instability [28]. Figures C.3 and C.4 show heating and cooling
of this mechanical mode obtained by blue detuning and red detuning the laser
with respect to the cavity respectively. The mechanical mode is heated by blue
detuning the input laser light (1550.55nm) with respect to the cavity (1550.6nm).
The linewidth of the peak narrows and the frequency increases, as expected for
heating of the mechanical mode. When the laser is red detuned (1550.672nm)
with respect to the cavity, the mechanical mode is cooled. The linewidth increases
from 42.4kHz to 92.5kHz as the laser power is increased from 10dBm to 14dBm.
This corresponds to an effective temperature of 138K. The effective temperature

is inferred by the linewidth of the mechanical resonance [117].

Interaction of mechanical modes of nanomechanical resonators with multiple

optical modes has been shown before [118], which enables both heating and cool-
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Figure C.1: RF spectrum at the output of the avalanche photodetector. The
peaks observed correspond to the Brownian noise mechanical
motion of the micro-ring. The fundamental radial expansion
mode of the micro-ring at a frequency of 41.97MHz causes strong
intensity modulation of the laser light as compared to a group
of azimuthal composite mechanical modes around 77MHz. Fi-
nite element method (FEM) simulations of the mechanical mode
shapes are shown as insets.
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Variation of RF power at the output of the photodetector with
the input laser power, for the fundamental radial expansion mode
of the micro-ring at 41.97MHz. As the laser power is increased,
self-sustained oscillations are observed for this mode. The sharp
threshold behavior shown is characteristic of radiation pressure
induced parametric instability.
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Figure C.3: The mechanical mode is heated by blue detuning the input laser
light (1550.55nm) with respect to the cavity (1550.6nm). The
linewidth of the peak narrows and the frequency increases (blue
curve), as expected for heating of the mechanical mode.
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Figure C.4: When the laser is red detuned (1550.672nm) with respect to the
cavity, the mechanical mode is cooled. The linewidth increases
from 42.4kHz to 92.5kHz as the laser power is increased from
10dBm (blue curve) to 14dBm (black curve). This corresponds
to an effective temperature of 138K.
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ing. However, this scheme causes either heating or cooling of the mechanical mode,
depending on which optical resonance is pumped. Here we explore the feasibility
of using two closely spaced whispering gallery modes to simultaneously achieve
heating of one mechanical mode while cooling another mechanical mode using a
single pump laser. The micro-ring resonator heats up due to thermal absorption
as the laser power is increased, which leads to the characteristic shark fin optical
spectrum [119] owing to temperature dependence of the modal refractive index.
Due to the rich mode spectrum of a silicon nitride micro-ring resonator, situations
may arise where the resonator has multiple optical mode families. The modal re-
fractive indices of these mode families may have different temperature dependence.
As shown in Figure C.5, one of the optical modes is far more sensitive to the laser
power. As such, it is possible to fix the laser wavelength such that the pump laser
light is red detuned with respect to one of the cavity modes and blue detuned with

respect to the other in thermal equilibrium [119].

Figure C.6 shows increased RF power for the Brownian noise motion peaks
when the laser power is increased. The laser light (1550.55nm) is blue detuned with
respect to the pair of optical resonances at 1550.6nm. Figure C.7 shows the RF
spectrum when the laser (1550.587nm) is blue detuned with respect to one optical
resonance and red detuned with respect to the other. In this case, the fundamental
radial mode of vibration is heated as the pump laser power is increased while a
group of azimuthal composite mechanical modes is cooled. Figure C.8 shows the
cooling of these modes more clearly, with the linewidth for the mode at 76.7MHz
increasing from 150kHz to 250kHz as the laser power is increased from 10dBm to

11dBm. This corresponds to an effective temperature of 180K.

The possibility of simultaneous heating and cooling of mechanical modes can
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Figure C.5: Optical spectrum of the silicon nitride opto-mechanical resonator
for different input laser powers. The modal refractive indices of
multiple optical mode families have different temperature depen-
dence. The shark-fin shape of the optical resonances is attributed
to thermal absorption.
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Figure C.6: When the laser light (1550.55nm) is blue detuned with respect to
the pair of optical resonances around 1550.6nm, the RF power
for the Brownian noise motion peaks when the laser power is
raised from 10dBm (red curve) to 10.5dBm (blue curve).
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Figure C.7: RF spectrum when the laser (1550.587nm) is blue detuned with
respect to one optical resonance and red detuned with respect to
the other. In this case, the fundamental radial mode of vibration
at 41.97MHz is heated as the pump laser power is increased from
10dBm (red curve) to 10.5dBm (blue curve), while a group of
azimuthal composite mechanical modes centered around 77MHz
is cooled.
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Figure C.8: Increasing the laser input power from 10dBm (blue curve) to
11dBm (black curve) results in cooling of the composite me-
chanical modes of the resonator. For instance, the linewidth
of the mode at 76.7MHz increases from 150kHz to 250kHz by
increasing the laser power. This corresponds to an effective tem-
perature of 180K. The red and green curves are smoothed curve
fits for the blue and black curves respectively.
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open up avenues in studying coherent phonon exchange and phonon dynamics
between different acoustic modes, mediated by an optical media and enable sig-
nificant advances in ultra-precise sensing. Mode-matched MEMS gyroscopes si-
multaneously require high Q along the drive and sense axis for improved sensi-
tivity. However the high Q along sense axis reduces the effective bandwidth of
the sensor. Simultaenously heating (to achieve narrow linewidths along the drive
axis) and cooling (maintaining high signal to noise ratio (SNR) while increasing
bandwidth) promises high sensitivity and high resolution, while maintaining large
bandwidth and high dynamic range. Cooling multiple closely spaced mechanical
modes to groundstate will also provide an exciting toolset for studying aspects of

condensed-matter and many-body physics at the macro-scale.
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APPENDIX D
ANALYTICAL MODEL FOR MOTIONAL IMPEDANCE IN
PARTIAL GAP TRANSDUCTION

Assumptions

This chapter presents an analytical treatment of this problem, and insights derived
from the equations presented here enable the designer to optimize resonator designs
for low motional impedances. The model presented here makes several assumptions
to simplify the derivation. Consider a schematic of a beam resonator shown in Figre
D.1 for illustration. The resonator body comprises of a resonator body of length
L and dielectric of length dy at both ends. The air gap is d; and the dielectric on
the electrode has length d.. The dielectric constant of the dielectric is €5 and that

of air is €;. The various assumptions made are:

1. No acoustic mismatch between dielectric and resonator body
2. Dielectric on the electrode is rigid
3. Expressions for electrostatic forces are independent of the mode shape
4. Sense current calculation requires:
(a) Accounting for both displacement in x (motion at the free end) and

displacement in y (motion at the interface between resonator and di-

electric)

(b) Expressing x displacement in terms of y displacement.
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Figure D.1: Schematic highlighting half the resonator geometry for a beam
resonator for illustrating model assumptions and methodology.

Methodology

The model essentially follows the derivation for motional impedance presented in
[73].  As listed in steps 4-5 below, we need to also account for motion at the

resonator-dielectric interface and air-dielectric interface.

1. Write down the equation for mode shape in the resonator assuming no acous-

tic mismatch

2. Express total capacitance between electrode and resonator body (dielectric
and air gap combination) in terms of displacements.

V2 0Ctot

3. Express forces in the form F; = 5 B,

where V' is the total applied voltage,

Ciot 1s the total capacitance and x; is the corresponding displacement

4. Write down displacement amplitude, and hence the velocity amplitude at the
free end of the resonator in terms of effective force (sum of individual forces
shaped by the mode shape), stiffness and the quality factor

9Ctot _

5. Use these expressions to write down sense current as isense = Vie =5

Vdc%%, where V. is the DC bias applied across the resonator
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6. Express the motional resistance R, in terms of the applied RF voltage v,. as

R — _Yac
T =

lsense

7. Comparing the expression for effective force from step 4 with F,.; = nvge,

find the effective electromechanical transduction factor n

8. Expressions for the inductance and capacitance are given by L, = %4 C, =

3

%, where M is the effective mass and K is the stiffness of the mechanical

resonator

Equations for a beam resonator

The equations for a beam resonator can be obtained by following the methodology

presented above. For the schematic presented in fig. 1, the mode shape can be

written as in equation D.1, where Uy is the amplitude of displacement, k,, = %T;?;

(n = 1,2,3,...) is the wave number and Q is the angular mechanical resonance

frequency.

u(z) = Upsin (kyz) (D.1)

The total capacitance, Cy,; can be written as

€261 A
Elde -+ () (dl + dg) +x (61 — 62) — €y

Ctot — (DQ)

where A is the cross sectional area across the capacitor plates. The forces acting
on the resonator-dielectric and air-dielectric interfaces can be written as follows,
where V' is the voltage applied at the electrode. For our purposes we use expressions

obtained by substituting z = dy and y = 0. Moreover, we have VTQ = VieUge-
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2 2 2A
p= L0 V7 @ s (D3)
2 3y 2 [Elde + €9 (dl + d2) +z (61 — 62> — €1y]

V_QaCtot B _V_2 €261 A (€1 — €3)

F, = —
*T 2 O 2 [erde + €3 (dy + dy) + 2 (61 — &) — e1y]

(D.4)

kL
Fnet = Flsin <T) + FQ (D5)

The expression for displacement can be written down as in equations D.6 and

D.7 using the expression for stiffness (K') from [72].

F ja FQ

U, = = = D.6
T mR/Ql K (D.6)
N UO _ 2@ (L + 2?2)2 6162‘/(181)(10 [GISin (%) - (621 B 62)] (D?)
Y(Qn + 1) ™ [Ele —+ 61d2 + €1de]
Then the sense current can be written as

. OCot O0C}01 Ogap O0C}01 Oy
sense — Vc - c = c - D.8
! o “ogap ot “oy ot (D-8)

While carrying out this derivation, we should express x in terms of y. The
reason for this is that motion at the free end also contributes to the sense current
which would not be captured if we only carry out a partial differentiation of C}

with y.

y Oy (kL
=dy+ —F—, = =21 f,U — D.9
x 2+sz’n(%)’8t 7f, Osm( 5 > (D.9)
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Thus we can get an expression for R, = - as follows:

sense

R Vac _ 2n+ DnYp  [eady + e1da + €1de]4 (D.10)
’ 7:sense QQVdQCE%E%A [elsin (%) - (61 - 62)]2

We can obtain 7 from equation D.5, and thus express L, and C, as follows:

Vac . P (L + 2d2) [Egdl + €1d2 + €1de]4

L,=—" =
* lsense Vdch%egA [elsm (knTL) — (61 — 62)}

~ (D.11)

Vae 2V2AeA A (L + 2dy) [elsin (k”TL) — (1 — 62)]2

isense B Y7r2(2n + 1)2 [62d1 + 6ldQ + 61de]4

C, = (D.12)
To establish the validity of this model, let us consider the case for air gap trans-
duction with zero ALD material deposition. In this case, equation D.10 reduces

to

ac 2 1)mdiY
R, = Y _ Znt Drdiv¥p (D.13)
Lsense 2@‘/5166114

which exactly matches the well established analytical expression for conventional
air gap transduction [73]. Similarly, for the case of internal dielectric transduction,
where the gap is completely filled with the ALD material, we obtain the following

expression for R,:

Vac . T (dQ + de)4 V Yp
foense  2QV2E3A [sin (%2L)]?

2

R, =

(D.14)

This expression also matches the equation for the fundamental mode for in-

ternal dielectric transduced resonators in literature [72]. Thus our model serves
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as a bridge between the two well established models for air gap transduction and

internal dielectric transduction.

Equations for a disk resonator

Beam resonators have significant mode distortion at the resonator-electrode inter-
face [71] that are not accounted for in this model. However, we can establish the
validity of this model by deriving a similar set of equations for disk resonators

which do not have mode distortion.

Consider the disk resonator geometry in Figure D.2. The mode shape for disk

resonators can be written as follows, where kg = Qg (R + d3) 1/ 2 (1;2) [13]:

k k ;
u(r) = AEOJl (%) eI (D.15)

The total capacitance can be written as follows (¢ denotes thickness of the

device layer):

t

1 r+do+di+de 1 R+do+-dy 1 RA-dotz
5es 109e ( Rtdatdy > + 5,109 <R+d2+m> + 525 109e < Riy )

(D.16)

One can derive the stiffness (and hence effective mass) from the modeling pre-

sented in [31]

K = mpt (R + dy)* Q3

(D.17)
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Figure D.2: Schematic for a partial gap disk resonator highlighting (top) the
geometry, (bottom) displacements at various interfaces
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The forces and hence the effective force can be written down following the same

methodology for a beam resonator as follows:

V2 86vtot aC(tot
Fl—neo=— = VyUge—— D.1
ly=2=0 9 ay dcU ay ( 8)
V2 86vtot aC(tot
Foro=— = ViUge—— D.1
R (#55)
Foy=—"+—%++F D.20
T T k) (D-20)
The sense current and displacement terms can similarly be obtained:
. OC01 Oy
sense — Vc a. D.21
! "By ot (D-21)
(i)
— le_(kO)) % _ QU (D.22)
J <}§.(|)_I;2> ot Jl (ko)
Thus we obtain following expressions for R,, L, and C,:
7Tpt R+d2 2QO<]2 k‘o
R, = ; ( kOR) ( ) 2 (ko) (D.23)
koR "\ B+dy ) 9Ctot 9Ctot 9Ctot
QVdQC‘]l (Ridz) |: J1(]Jfr0)2 gy + gﬂc :| [g_y] I ) W /o DI —
w0t k)
2 72
L - wpt (R+d2)” J5 (ko) (D.24)

2
J1(}§OdR ) 9Ctot 9Ctot
r=U,y=
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2
e
Ji (ko) (Vdc { 51?,:5)2) ag;"t + ag;"‘} . 0)
=0,y=

C, = D.25
mpt (R + do)? Q2.3 (ko) ( )

Using the equations and methodology developed here, one can choose a suitable
high dielectric constant (e2) ALD material and deposition thickness (ds, d.) to lower
the motional resistance for capacitive air gap transduction. For a more realistic
model, there are many additional factors to be considered for the case of partial
air gap transduced resonators, such as motion of the dielectric, acoustic mismatch

between the dielectric and resonator body, stress in the resonator, to name a few.
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APPENDIX E
RAYLEIGH SCATTERING ENHANCED DISPLACEMENT
SENSITIVITY AT BEYOND GHZ FREQUENCIES

For transduction of signals with mechanical frequencies in the resolved side-
band regime using a singlet WGM optical resonance, we see in Figure E.1, that
both the Stokes and anti-Stokes motional sidebands lie outside the optical cavity
and hence the component of the intra-cavity energy at the mechanical resonance
frequency is diminished, as compared to transduction of signals in the unresolved
sideband regime. To counter this inefficiency, we explore the possibility of exploit-
ing Rayleigh scattering induced optical mode splitting in optical whispering gallery
mode (WGM) resonators [120] to transduce signals in the resolved sideband regime
more efficiently, by using the optical mode doublet to boost the Stokes sideband.
Consider the case of an opto-mechanical transducer sensed using modulation of
CW laser light coupled to a back-scattering induced doublet optical resonance

instead of a single optical WGM resonance as shown in Figure E.1.

E.1 Theoretical Formulation

Back-scattering centers in the resonator cause the degeneracy of the clockwise
(CW) and the counter clockwise propagating modes to be lifted and lead to split-
ting of the otherwise originally degenerate optical modes [120, 121, 122]. The
coupling of the two modes is quantified in terms of a coupling quality factor @,.
The transmission equation for the single optical resonance in equation 2.12 now

transforms to the following owing to the mode splitting [123]:
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Figure E.1: Illustration of Rayleigh scattering induced optical mode splitting
for enhancement of transduction efficiency of the optical sense
scheme. The Stokes sideband amplitude is boosted by the pres-
ence of the second optical resonance as seen in the right panel.

 2Qew ‘<5+L>+ 141 +'(5_L>+ 1Ly
] 2Qu QQint 2Qen:t ‘7 2Qu QQint QQext
(E.1)

Following a coupled mode approach, the mean field amplitudes of the coupled
CW and CCW modes may be written in terms of the input field, 5 as follows [122]

(see Figure E.2):

GA — Lt
acw = Sy Lext 2 22 . (EQ)
A? — RV 71 + jAT o
452
accw = - S—tdcw (E.3)

JA =g
Here we assume that only the clockwise mode is pumped by the input field.
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Figure E.2: Illustration of clockwise (CW) and counter-clockwise (CCW)
propagating optical modes

This is in turn coupled to the counterclockwise mode via the scattering rate +.
['.yt is the decay rate associated with coupling of photons to the optical cavity
and I'y; is the loaded cavity photon decay rate. The detuning A is specified for
the originally degenerate optical mode, with optical resonance frequency wy,. We
also assume that v and I';,; are the same for both optical modes. The CW mode
is coupled to the output field via 5,y = 5 — Gowv/Test. The coupling of the CW
and CCW modes leads to formation of a mode doublet, which can be transformed
into a pair of symmetric and antisymmetric modes [118], by = ECW}:% and

ext

/b\Q = ECW;%, representing the lower and higher frequency modes respectively.

The frequencies of these modes are wy = wypt — % and wy = Wept+
u

% respectively.
Thus, the detuning values of the input laser line with respect to these two modes

are Ay = A + % and Ay = A — % respectively.

Following the derivations in [32, 118], we can write down the intra-cavity field

values for by and by in presence of mechanical motion z(t) = zosin(Qu,t), which

Zg Wopt .
R Qm °

corresponds to modulation index § =
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VTt [JA + Liet] [ (A 4 7) 4 L]

bl,intra =S 5 2 42 A
A? — ot — Io 4 jAT

+oo )
Z (_Z) Jn(61> ej[(wopt—i—nﬁm)t—i-ﬁlcos(ﬂmt)} (E4)
% +] (Al + an)

n=—oo

Ve (i + 5] [ (A +3) + g

2
A? — % - ﬁ—i_jA]-—wtot

b2,intra =5

Z - (ﬁQ) 6]’[(wopt—l—nﬂm)t—l-ﬂgcos(th)} (E5)
ot + J( A2 + n8yy)

n=—oo

The total intra-cavity energy is given by |acw|” + [acew|*. In Figure E.3, we

plot the total intra-cavity energy in the case of an optical doublet, and compare

2
to get an idea of the net improvement contributed by presence of

it to [b2imira
the other optical resonance, 31. We assume A = 11GHz, Qi = 70,000, Qepr =
50,000, @, = 20,000, A\, = 1,564nm, xy = 6.75pm, R = 9.5um. The frequency
separation between the two optical modes in this case is 9.59GHz. We can clearly
see the large boost in intra-cavity energy provided by the optical doublet for the

Stokes sideband for the case where the mechanical frequency assumed is 8GHz.

E.2 Experimental Characterization

We identify a split optical resonance and a singlet optical resonance in our 2 coupled
ring silicon acousto-optic modulator. Figures E.4 (a) and (b) show transmission
spectra for the optical modes. To test the validity of this theory, we study the

electro-mechanical transmission using the doublet resonance at 1,556.9nm and the
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Figure E.3:
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Comparison of sideband amplitudes normalized to pump energy
for two mechanical modes at 1GHz and 8 GHz in case of singlet
and doublet resonances. The frequency separation between the
two optical modes in this case is 9.59GHz. We can clearly see
the large boost in intra-cavity energy provided by the optical
doublet for the Stokes sideband for the case where the mechanical
frequency assumed is 8GHz. The pump laser line (sideband order
= 0) is suppressed for easy visualization.
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singlet resonance at 1,561nm. The frequency difference between the two resonances

in the optical doublet is 9.63GHz.

As we clearly see in Figure E.5, the doublet resonance boosts the transduc-
tion of signals at higher frequencies (5GHz - 10GHz) owing to the second optical
resonance. The enhancement is most pronounced at 5.25GHz and 8.2GHz, where
the insertion loss improves by 25dB and 14dB respectively. Also, it enables us to
observe signals at frequencies all the way up to 9.1GHz and 9.8GHz, which are not

possible using the singlet optical resonance.

Next we examine this coupled resonator system following the partial gap process
flow to improve the electrostatic drive transduction efficiency. This process is used
to reduce the resonator electrode gap from 130nm to 50nm via ALD alumina
(Al,O3). We identify an optical doublet resonance in this device with a frequency

splitting of 3.86GHz (see Figure E.6).

Figure E.7 shows a comparison of the electromechanical transmission spectra
recorded in this device using the doublet resonance, in comparison to transduction

using a singlet resonance with loaded optical quality factor ~60,000.

Comparing this to Figure E.5, it is easy to observe the larger signal strengths
recorded using a doublet resonance in combination with partial gap transduction.
The resonator thickness prior to ALD is 220nm. Depositing 40nm ALD alumina on
all surfaces of the resonator predominantly changes the thickness, thereby changing

the effective mass of the mechanical mode m.;; and hence the mechanical reso-

nance frequency (Qmech X 4 /mlff). Thus, the resonance frequencies are roughly

PSi*220
psi*2204p A1504*80

expected to lower by a factor of \/ ~ 0.83. We experimentally

observe a shift in the mechanical resonance frequencies for the radial mode family
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Figure E.4: (a) A split optical resonance for the silicon coupled ring res-
onator. The frequency difference between the two resonances in
the optical doublet is 9.63GHz. (b) A singlet optical resonance
for the silicon coupled ring resonator with loaded optical quality
factor ~5,000.
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Figure E.5: Wide electromechanical transmission spectrum for the coupled
ring resonator. The signals at higher frequencies have larger am-
plitudes when we employ the optical doublet for sensing motion.

from 1.1GHz to 1GHz for the fundamental mode, from 4.4GHz to 4GHz for the
fourth order mode and so on for each mode order. Notable signal strength enhance-
ment is observed for the fourth order mode (32dB increase from -78dB to -46dB)
and the sixth order mode (28dB increase from -90dB to -62dB) compared to a sin-
glet resonance without ALD. The mass loading on account of ALD also lowers the
mechanical quality factors (980 for the fourth order radial mode post-ALD, 3,500
pre-ALD). The amplitude of motion is directly proportional to the mechanical qual-

ity factor (..., and varies as inverse-squared power of the resonator-electrode gap

g and the frequency Q,,ccn (Uo ox 9??:;) as derived in equation D.7. The lowering
of the mechanical quality factor counters the enhancement due to reduced gap and
hence no improvement in signal strength is noticed at frequencies beyond 7GHz.
The signal strength is largest at the mechanical resonance frequencies whose values

are close to the frequency split in the optical resonances, on account of maximum
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Figure E.6: A split optical resonance with a frequency splitting of 3.86GHz
between the modes in a 50nm gap ALD coated 2-ring resonator.
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Figure E.7: Electromechanical transmission spectra for a 50nm gap resonator

highlighting the efficacy of combining the doublet-based sensing
scheme with a partial gap transduced drive scheme. The signal
strength for the fourth order radial mode at 4GHz shows an im-
provement of 32dB over the signal recorded at 4.4GHz in Figure
E.5 pre-ALD using a singlet resonance.
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overlap of the Stokes sideband with the adjacent optical mode. This frequency split
could be engineered via changing the resonator-waveguide gap using electrostatic
transduction [124] thus providing a tunable mode selection mechanism. The uni-
versal nature of this sense scheme could also potentially push other transduction
mechanisms such as piezo-opto-mechanical and all optical schemes to frequencies
in the microwave X-band, thereby adding to the vast variety of experiments that

could be realized using opto-mechanics.
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