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Abstract

In the field of optomechanics, radiation forces have provided a particularly high level of
control over the frequency and dissipation of mechanical elements. In this dissertation, we
first propose a class of optomechanical systems in which light exerts a similarly profound
influence over two other fundamental parameters: geometry and mass. By applying an optical
trap to one lattice site of an extended phononic crystal, we show it should be possible to
create a tunable, localized mechanical mode. Owing to light’s simultaneous and constructive
coupling with the structure’s continuum of modes, we estimate that a trap power at the level
of a single intracavity photon should be capable of producing a significant effect within a
realistic, chip-scale device. In the second half of the dissertation, we discuss progress toward
realizing the requisite two-dimensional phononic crystal membranes for such experiments.
We report the results of several fabrication techniques (each with their own drawbacks),
finding it is possible to consistently produce 100 nm to 300 nm thick stoichiometric SizNy

2 up to 2750 crystal unit cells, and

freestanding crystals with an area as large as 20 mm
tethers as narrow as ~ 1.5 um, using wafer-scale photolithography. Preliminary mechanical
characterization verifies that these devices indeed exhibit the phononic bandgap required for
laser-induced localization experiments (with a ratio of gap width to band edge frequency as

high as 80%).



Résumé

Dans le domaine de 'optomécanique, les forces de radiation ont permis un particuliérement
grand degré de controle sur la fréquence et la dissipation d’éléments mécaniques. Dans
le cadre de cette dissertation, nous proposons d’abord une catégorie de systémes optomé-
caniques ol la lumiére exerce une forte influence similaire sur deux autres paramétres fon-
damentaux : la géométrie et la masse. En appliquant un piége optique au site réticulaire
d’un cristal phononique élargi, nous démontrons qu’il devrait étre possible de créer un mode
mécanique localisé accordable. En raison des couplages simultanés et constructifs de la lu-
miére avec le continuum de modes de la structure, nous estimons qu’un pouvoir de trappe
au niveau de la cavité unique d’un photon devrait pouvoir produire un effet significatif a
I'intérieur d’un appareil a puce. Dans la deuxiéme moitié¢ de la dissertation, nous discutons
du progrés accompli en vue de produire les membranes de cristal phononique a deux dimen-
sions nécessaire a de telles expériences. Nous présentons les résultats de plusieurs techniques
de fabrication (chacune avec ses lacunes particuliéres) et attestons qu’il est possible de pro-
duire constamment 100 nm & 300 nm de cristaux SizN4 stoechiométriques indépendants épais
avec une superficie pouvant aller jusqu’a 20 mm?, jusqu’a 2750 de cristal avec des mailles et
des ancrages aussi minces que ~ 1.5 ym, en utilisant la photolithographie a I’échelle d’une
plaquette. La caractérisation mécanique préliminaire indique que ces appareils exhibent le
bord de bande phononique requis pour des expériences de localisation au laser (avec un ratio

de fréquence aussi élevé que 80 % entre la largeur de bande et le bord de la bande).
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Chapter 1

Introduction

Solid-state mechanical systems are ubiquitous throughout society, from oscillators in time-
keeping devices to accelerometers and electronic filters in automobiles and cell phones. They
also comprise an indispensable set of tools for fundamental and applied science. For example,
using tiny mechanical systems, it is possible to “feel around” surfaces at the atomic scale [3],
detect mass changes from adsorbed chemicals with single-proton resolution [4], and sense the
gentle magnetic “tugs” from individual electron spins [5], persistent currents in a normal-
metal ring [6], or even element-specific nanoscale clusters of nuclei [7]. Meanwhile, human-
scale masses (positioned kilometers apart) currently “listen” for gravitational waves emitted
by violent events across the universe [§]. In the field of optomechanics [9], the forces generated
by light provide a means of tuning the fundamental properties of mechanical systems at every
size scale, namely their dissipation, frequency, normal-mode geometry, and effective mass.
The dissipation and frequency have been particularly well controlled, often tuned by
many orders of magnitude using various techniques [9]. On the dissipation side, Cohadon et
al. [10] used (for the first time) the radiation pressure forces applied by a feedback loop to
cool down the Brownian motion of the fundamental mode of a mirror oscillator by a factor
of 20. They also showed that, by reversing the sign of the electronic gain of the feedback
loop, they can heat the mirror motion and increase its quality factor. In another effort,
bolometric effects were used to tune the mechanical properties [11L 12, 13]. For example,
Zalalutdinov et al. [I1] demonstrated the possibility to increase the quality factor of a silicon

disk (mirror-like) oscillator by an order of magnitude using bolometric (or photothermal)



radiation pressure forces. On the other hand, bolometric radiation pressure was used by
Metzger et al. [I3] to suppress the oscillation amplitude of a gold-coated silicon lever and
hence cool it down from room temperature to 18 K. Purely radiation pressure forces (that are
not of photothermal origin) had also allowed the same level of control |14 [15] 16 17, 18, [19].
For example, radiation pressure forces were used (for the first time) by Carmon et al. [I4] and
Kippenberg et al. [15] to induce large amplitude oscillations (oscillation instability) in silica
microtoroids. The amplitude of these oscillations (for instance in the later study) exceeded
the thermally driven ones by two orders of magnitude. Moreover, Schliesser et al. [18] used,
for the first-time, cavity induced radiation pressure forces to cool down (and hence decrease
the oscillation amplitude of) a microtoroid oscillator from room temperature to 11 K. We
emphasize here that the Cohadon [I0] result involved electronic feedback to achieve cooling,
whereas in these examples the cavity resonance is exploited to achieve the same thing.

On the frequency side, the strong tuning has been allowed through the optical spring
effect (optical trapping) [9]. In [20], Corbitt et al. experimentally illustrated (for the first
time) the trapping (frequency increase) of a gram-scale mirror from ~ 170 Hz to 5kHz,
demonstrating a column of light can be stiffer than a piece of diamond (but much more
brittle!). In another study, Ni et al. [19] demonstrated the ability of light to increase the
frequency of a suspended silicon pendulum, placed in a standing wave in an optical cavity,
by many orders of magnitude, which also served to increase the mechanical Q by a factor of
50.

The geometry and mass have also been tuned via optically mediated normal-mode hy-
bridization [19, 2] 22, 23| 24, 25| 26]. For example[], besides the ability to increase the
frequency of the silicon pendulum, Ni et al. [19] were able to hybridize two of this (single)
pendulum mechanical modes using the optical spring effect. In another study, Lin et al. [21]
showed that they can couple the “swinging” mechanical modes of separate nanobeams, each
having a nanophotonic cavity, using the spring-like optomechanical forces in the nearfield
of their cavity modes. When one of the cavities is driven at a frequency that is far from
its resonance the two nanobeams vibrate independently. As the drive approaches the cav-

ity resonance the strength of the coupling optical spring increases and the two nanobeams

IThis is not the first demonstration of the concept but it is a clear example.



start to vibrate together (in phase or out of phase). Interestingly, this optically mediated
mode hybridization was demonstrated by Shkarin et al. [25] in the membrane-in-the-middle
fiber cavity system. Two degenerate modes of a stressed square silicon nitride membrane
were coupled purely optically when a surrounding optical cavity was driven close to its reso-
nance. This optical spring coupling allowed them to demonstrate energy transfer (with 40%
efficiency) between the unperturbed modes. Also, optically driven synchronization of two op-
tomechanical silicon nitride oscillators with different frequencies was demonstrated by Zhang
et al. |23]. In this study, the “flapping” modes of two optical ring resonators are coupled
through the evanescent optical field present in a small gap between them. This coupling
resulted in the generation of two modes where the oscillators oscillate symmetrically and
asymmetrically together. The off/on switching of the synchronization was enabled by tuning
the relative optical resonance of the two oscillators by bolometric effects. In another study by
Fu et al. [26], the mechanical modes of two elastically coupled freestanding cantilevers were
hybridized through the optical tuning of one of the cantilevers oscillations in a fiber cavity.
Importantly, these examples reveal that the optical tuning of geometry and mass is not so
profound: In all of these studies, only a few (essentially two) normal modes are involved,
and the resulting hybridized modes therefore exhibit a mass and spatial extent comparable

to that of the unperturbed modes.



(@) Fabricated device (b) COMSOL simulation
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Figure 1.1: The new idea of this dissertation. (a) An example of a fabricated device. (b)
The intensity of the laser field (i, ii, and iii) affects the amount (and spatial distribution) of
oscillating mass in the phononic crystal membrane, which will provide a new (and previously
unexplored) level of control.

In this dissertation, we propose and demonstrate some initial steps toward exploiting ra-
diation pressure to strongly tune the geometry and mass of a mechanical system. The basic
idea is to fabricate an extended phononic crystal structure [27] (an example device from
Chapter [3| is shown in figure (a), and apply an optical trap to one lattice site, thereby
creating a defect that exponentially localizes one or more mechanical modes (a simulated
mode evolution from Chapter [2]is shown in figure [1.1] (b)). We show that, unlike structurally
defined defect modes [27], realized some time ago [28] and currently exploited with extraor-
dinary success in optomechanics [29, B0, B1], B2] B3| 34, B5] 36, B37], the spatial extent and
mass of optically defined defect modes can be tuned by many orders of magnitude using a
realistic, chip-scale optomechanical geometry. Additionally, despite the comparatively weak

optomechanical interaction with each of the unperturbed, extended mechanical modes, we



estimate that an optical trap having an average intracavity power corresponding to a single
photon should, in principle, cause a macroscopic, measurable change in the amplitude of a
millimeter-scale mechanical system. Moreover, we show that a larger structure will exhibit
a larger response to a given trap, despite its larger mass.

It is currently not possible to achieve this level of in situ control over the geometry of
a solid-state mechanical system, so these results provide a curious set of opportunities. For
example, it is well known that partial optical levitation improves the coherence of mechanical
elements |19, 38, [39] [40] [41] [42], and the addition of spatial localization would further isolate
the system from the lossy clamped boundaries [43], 44, [45], [40, 47]. Along these lines, the
ability to systematically tune a mechanical mode’s interaction with the boundaries (or other
fabricated structures) provides access to unique studies of dissipation mechanisms, a subject
of central interest to all mechanical technologies. Specifically, instead of fabricating many
(nominally) identical devices with systematically varied shapes, one could fabricate a single
mechanical crystal and optically tune the mode shape to help separate the roles of bulk bend-
ing, clamping, or other structural losses. On a more fundamental side, this light-geometry
interaction might aid in the pursuit of macroscopic quantum motion [311, 32, 48], 49, 50, 511, 52].
An immediately interesting question is how a large crystal, perhaps driven to very large am-
plitude, might evolve under the influence of a single cavity photon, a superposition of photon
states, or squeezed light. If it is possible to generate large-amplitude superpositions or other
nonclassical motional states with a sufficiently massive crystal, this could perhaps even pro-
vide a platform for tests of mechanisms leading to the collapse of macroscopic quantum
behavior [53]. Alternatively, this system could be used to approach the goal of quantum
state transduction [33, B4l B5, 56, 67, B8, (I B0] from a different direction: a trap toggling
the spatial extent of a mechanical mode could be used to toggle its interaction with an object
at a different lattice site, e.g., a qubit or another optical resonator (perhaps operating at a
very different wavelength). Finally, by intentionally adding spatial disorder (speckle) to the
trapping field, it would be possible to perform controlled studies of Anderson localization
[61] of phonons in one or two dimensions. Ultimately, however, it is our hope that this added
control will inspire a set of nontraditional optomechanics and sensing applications beyond

those naively imagined here.



The initial steps toward achieving these goals are as follows:

1. Develop a guiding intuition about the physics of laser localization.

2. Use numerical simulations to design realistic devices enabling this physics.

3. Develop a reliable fabrication technique for the requisite mechanical structures.
4. Characterize their unperturbed mechanical spectra to verify feasibility.

5. Demonstrate this localization.

This dissertation addresses the first four points and is organized as follows. Chapter
introduces a simple classical theory for these systems, beginning with a semianalytical toy
model in one dimension (1D). We derive some key figures of merit and perform a minor
optimization. Then we apply this intuition to guide the design of a realistic two-dimensional
implementation accessible by our research group. Then, in chapter [3] we discuss several
fabrication techniques based on standard photolithography (to produce stoichiometric silicon
nitride phononic crystal membranes, figure|l1.1](a)), finding that, by protecting these delicate
structures from the chemical etchant during release, we can boost the yield to more than
85%. This allows us to consistently fabricate 100 nm to 300 nm thick stoichiometric SizNy4

2 up to 2750 crystal unit cells, and

freestanding crystals with an area as large as 20 mm
tethers as narrow as ~ 1.5 um. These devices indeed exhibit the phononic bandgap (with
a ratio of gap width to band edge frequency as high as 80 %) required for laser-induced
localization experiments, as confirmed by preliminary mechanical characterization. Finally,

we present a summary to highlight the key results of this dissertation and the next steps for

the near future in chapter [4



Chapter 2

One dimensional model and two

dimensional COMSOL simulation

The goals of this chapter are to build a simple picture for the physics of laser localization in
one-dimension (1D), and, accordingly, employ this to design a realistic device (using finite
element (FEM)) made of stochiometric SisN4. Importantly, we find that it is possible to
vary the spatial extent and the amount of participating mass in these optically defined defect
modes by many orders of magnitude (see, for example, the simulation of figure (b)), and
that light at the level of a single photon, in a realistic cavity trap, can in principle cause a
measurable change in the mode of a millimeter-scale membrane. Furthermore (and perhaps
counterintuitively) we predict that large structures will have a larger response to a given trap
as compared to small structures. We find surprisingly good agreement between our 1D model
and the 2D simulation, with the 1D model predicting band edge frequencies within ~ 20 %
of those simulated, and a semi-quantitatively similar response to an applied optical trap. We
present in section the 1D toy model. Then in section [2.2] we demonstrate the design of
realistic two-dimensional (2D) system in COMSOL] Finally, we summarise the key results

in section
LCOMSOL Multiphysics@®) Modeling Software: https://www.comsol.com/




2.1 First Principles: Analytical Model in 1D

The systems we envision for accessing the physics of laser localization comprise a millimeter-
scale freestanding sheet of stoichiometric silicon nitride (~ 100 nm thick Si3sN4 on a single-
crystal silicon frame), patterned into a periodic structure (phononic crystal, see figure
(b)), with optical forces applied to a single unit cell. Due to high temperature deposition
and mismatched thermal expansion coefficients, SigN, is under ~ 1 GPa of stress at room
temperature, and is therefore well described by the “ideal drum limit”, wherein the wave
properties are entirely determined by the stress and mass density. In this section, we build
intuition with a one-dimensional (1D) toy model comprising an ideal string under tension
with periodically alternating mass density. In section we review the basic properties
of such a string without a light field, in particular deriving the dispersion and identifying
(and maximizing) the phononic bandgap for transverse acoustic waves. Then in section [2.1.2]
we incorporate a local optical trap, modeled as a uniform spring constant density over a
small region of one unit cell, identify a resulting defect mode, and study the mode shapes
and the effective mass change as a function of trap strength. Then, under the weak trap
approximation, we analytically derive the defect frequencies and localization length (effective
mass) as a function of the trap strength. We derive a few figures of merit for this style of
optomechanical coupling to assess the localization efficiency, namely the localization length
(and effective mass) and the ratio of the trapped pad’s amplitude with the trap on and off
for a fixed mechanical energy stored in the mode. We find that the localization length (and
effective mass) scale as the inverse square of the trap power; even for an infinite lattice, this
implies an infinitesimal trap will lead to a finite mechanical mode mass. Counterintuitively,
we also find that the mechanical response to fixed trap power can increase for larger, more

massive structures.

2.1.1 Phononic crystal ideal string under tension

Here we develop a basic intuition for an unperturbed, infinite phononic crystal system by
considering a string of periodically alternating mass density under tension. This structure

can be understood as a Bragg mirror for transverse waves. In section [2.1.1.1] we calculate



the dispersion identifying bands of frequencies wherein waves will propagate in the crystal,
and “bandgaps” wherein they will not. Then in section [2.1.1.2] we discuss some rules for

maximizing the size of the bandgap (and hence the degree of localization when trapped).

2.1.1.1 Transverse wave dispersion & modes of propagation (eigenvalues & eigen-

vectors)

Phononic crystal :
Tension 7 L1 Unltcelj Tension T
< | —— — — —: —
pp’vp pt’vt O 1
/20 12+ X

--------- _a _l/‘2 Z;I/Z a PR

Figure 2.1: Infinite phononic crystal string under tension (7') with pad (tether) mass den-
sities p, (pt), lengths I, (I;), and wave speeds v, (v;). The unit cell mass Myni = pply, + el
and length a = [, + [;.

We first consider an infinitely long, ideal string under tension (7), with periodically alter-
nating mass density p(x), which takes on values p, in the heavier “pad” region and p, in the
lighter “tether” region, as drawn in figure The unit cell length is a = 1, + [, where [, (;)
is the pad (tether) length. The local wave equation of this system is

Py(x,t) %y(x,t)

T =P 5a

(2.1)

where z is the position, ¢ is the time and y(x,t) is the transverse displacement. The time

dependent solution to equation [2.1] is

y(,t) = y(z)e ™, (2.2)

where w is the frequency. The spatial solution in any segment y(x) is the sum of a left
and right moving wave. Let A,, (B,,) be the local complex amplitude of the right-moving

(left-moving) wave at location xy. Within a pad or tether,

A(z) = Ay, etrtle=0) (2.3)



B(x) = By e hrt=m0) (2.4)

where k,; is the (pad, tether) wave number. The full local solution is

y(z) = A(x) + B(a), (2.5)

Plugging equation [2.2] into equation [2.1] yields the familiar ideal string dispersion

B (2.6)
Kp.t Pp,t
from which we identify the local wave velocity, v,; = \/% .

When crossing the boundaries between tethers and pads, however, the relationship be-
tween amplitudes becomes more complicated, as part of the waves will be reflected. To figure
out what the whole structure is doing, we follow a “transfer matrix” approach [62]. The
amplitudes of any two points at locations x,, and x,, can be related by a transfer matrix M

as

A.Z’n A$7n
_ M (2.7)
B, B.,,

As discussed below, writing the relationship this way is mathematically convenient, because,
if we know the transfer matrices of several features of a structure (e.g. propagation through
a pad, a pad-tether boundary, propagation through a tether, etc), the relationship between
the amplitudes at the ends of the structure will be a simple matrix multiplication.

We consider the unit cell of figure We start with arbitrary amplitudes at the center

A
(origin), z = 0, of the central pad, ®|. The amplitude at the end of this pad (z = p, end),
By

Ap end
P can be related to that at the origin using the propagation matrix through a half

Bp,end
pad of length [,/2, Mjas

Ap,end AO eikplp/Z 0 Ao
= M, = s . (2.8)
Bp,end BO 0 e "rlp BO
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Imposing that the solution y(x), equation and its first derivative must be continuous
across boundaries between different regionﬂ we can relate the amplitudes across the pad-

Ap,end At,start . . . .
tether — interface using a transformation matrix at pad-tether
Bp,end Bt,start

interface, M, as

_ TipTpt  Tip
At,start — M Ap,end o tpt tip tip Ap,end (2 9)
- pt - y .
Tpt 1
Bt,start Bp,end _ﬁ E Bp,end

where the reflection and transmission coefficients for waves in a pad incident on a pad-tether

interface are

Uy — Up
== P 2.10
T'pt v, +Up7 ( )
2Ut
toy = . 2.11
pt v + v, ( )

Similarly, the reflection and transmission coefficients for waves in a tether incident on a

tether-pad interface are

Up — Vg
= 2.12
Ttp Ut—i_vp’ ( )
2v
ti, = L 2.13
tp vy +Up ( )

The matrix for propagating through a full tether length [, M;, allows us to relate the am-

plitude of the wave at the beginning of the tether, betart , to that at the end of it,
Bt,stm‘t
At,end
as
Bt,end
At,end _ Mt At,start _ eiktlt 0 At,start 7 (214)
Bt end Bt,start 0 eilktlt Bt,start

and the transfer matrix of the tether-pad interface, M;,, can be found by simply reversing

the indices “t” and “p” in equation 2.9} hence we can write the amplitudes across the interface

2Qtherwise, the wave would be broken or have infinite energy density at the discontinuity.
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between the tether end and the begining of next pad as

TptTt Tpt
Ap,start At,end ttp - z;ptp ﬁ At,end
= M, = ) 1 : (2.15)
Bp,start Bt,end _tp_z; E Bt,end

a propagation matrix through another half pad of length [,/2 relates the amplitudes at the
beginning and the center of the next pad, equation

Aa A star
=My, | (2.16)
Ba Bp,start
The total transfer matrix of the unit cell stack, a =I5 + l; + [, (figure is
My My,
Muc == MhththMpchp = 5 (217)
My My
where
iw(tp+tt) 2 _ piw(tp—ti) _ 2
My, — e (v, + vt)4 e (vp — ) 7 (2.18)
Up'Ut
—tw(tptte) 2 —tw(tp—tt) _ 2
Msy = ‘ (b + Ut)4 ‘ (0 =) ; (2.19)
UpUt
i(v? — v?) sin(wt
My = O 2t) (wt) (2.20)
UpUt
i(v? — v?) sin(wt
My = = vp) sin(ete) (2.21)

20,04
where and t; = 1;—:, t, = q;—: are the wave’s “time of flight” in tethers and pads respectively,
and the wave amplitudes after a unit cell propagation is given by equation as

Aq _ My M, Ao . (2.22)
B, My M By
Next, since p(x) is periodic and invariant under the spatial translation by the lattice constant

(a = l,+1;), the solutions to equation must satisfy Bloch periodicity condition for infinite

structures [63]

12



y(@ +a) = (e )y(2), (2.23)
where K, is the Bloch wave number, this can be written more generally as

y(x +na) = (") "y(z), (2.24)

where n is the unit cell index. Imposing this periodicity condition means the wave amplitudes

at the origin and at the end of the first unit cell are also related through
= ¢t , (2.25)

This means that every time the wave moves a unit cell, its phase changes by Kya. Equating

the equations and yields

Mu Mz || Ao e | Ao | (2.26)
M21 M22 BO BO

Equation is an eigenvalue problem, with €' as the eigenvalue

M, — e'fea M A
H ” | =o. (2.27)
Mo, My — e'fve By
To solve it, we set the determinant to zero
€2iKba — (Mll + Mgg)eiKba —|— M11M22 — M12M21 = O, (228)
assuming a lossless system (M is unitary), we have
M11M22 - M12M21 - 1 (229)
This yields
> — (Mg + Map)e™* +1 =0, (2.30)
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2
Sk _ My —QF Mss n \/(Mu —;‘ Mzz) 1 (2.31)

Equation [2.31] gives the two eigenvalues which lead to the relationship between w and K,
(the dispersion). Let S = w, plugging in for M;; and Ms,, equations and

respectively, yields

v +uf .
S = cos(wt,,) cos(wty) — sin(wt,) sin(wt,), (2.32)
VpUt
1 1 vy + U7
=—cos [w(t, +t;)] + = cos [w(t, — t;)] + {—cos[w(t, —t;)] + cos w(t, + )]},
2 2 4v,v;
(v + vy)? (vp — vp)?
:}ZLUT COS W(tp + tt) — Tﬂ;ﬁ COS W(tp - tt)a (233)

and equation becomes
et = 5 4 1/52 — 1. (2.34)

Based on the value that S will take, K, have different scenarios:
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Figure 2.2: A plot shows the value of S as a function of frequency (green) and the corre-
sponding [K}] a values that define the bands and the gaps for an arbitrary system

Complex eigenvalue, real K,

If —1 < S < 1 (for example, the green curve in the region bounded by 1 and -1 of figure

then equation [2.34]is a complex value, and can be written as
e = cos Kya +isin Kya = S +iv1 — S2, (2.35)

where S and v/1 — S? are purely real,

M M.
cos Kpa = S = %, (2.36)

and

sin Kpa = £v1 — 5% = £4/1 — cos? Kpa = £ sin Kyal. (2.37)
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So, equation [2.36] gives real-valued K as a function of w, such that
Re [K}) a = arccos(S). (2.38)

Since cosine is periodic, there will in general be many “bands” over which this case applies,
see the shaded areas of figure (the [-1,1] green bounded S curve and the blue Re [K}]a
curve as a function in w, note the zero red Im [K}] a values). In this case, the magnitude of
the waves does not change from unit cell to unit cell, representing propagating modes.

Real eigenvalue, complex K,

If S < —1, then equation is a negative and real value, so we can write it as follows
evatlim) — G +./52 1, (2.39)

i (Kya + ) = In <—S ¥ \/ﬁ) , (2.40)
Kya = —iln (—S - \/ﬁ> — (2.41)

this is the value of the complex Bloch wave vector inside, for example, the lowest-frequency
band gap in figure 2.2]. In this case, the magnitude of the waves attenuates from a unit cell
to the other, representing evanescent modes. Also, if S > 1, then equation is a positive

and real value and written as

et = 54 1/52 — 1, (2.42)
Kya = —iln (S +/57 1) : (2.43)

this is the value of Bloch wave vector inside some gaps, purely imaginary, (for example, the
second band gap in figure [2.2)). Similarly, the magnitude of these waves attenuate from a

unit cell to the other and hence they represent evanescent modes.
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Propagating mode shapes (eigenvectors)

To calculate the propagating mode shapes, the first step is to solve the real part of equation

for w, numerically, to obtain the edges of the lowest-frequency band gap (at K =T ),
Re[S]|+1=0. (2.44)

In general, this is a transcendental equation requiring a numerical solutionﬂ (though un-
der the “optimal” conditions of section [2.1.1.2] this can be solved analytically). Once we

have these values (calling the lower and upper gap edge frequencies as wjpwer and Wypper for

. . 0 . .
convenience), we can calculate the eigenvectors from equation [2.26([2.31] Assuming
By

Ag = 1.0, the first eigenvector is

Ao 1.0
B T —MursHED | (2.45)
0 M2
and the second eigenvector is
Ao 1.0
B - —Mi1+(5—v52-1) ’ (2'46)
0 M2

My, is given by equation M5 is given by equation [2.20, and S is given by equation
. We can then propagate the modes within the pads or tethers using the corresponding
local solution (equation[2.5)) and propagation matrices (equations[2.8/and [2.14]) and through
interfaces (via equations 2.9 and [2.15]) to plot the mode shapes.

For fixed values of [,,; and vy, figure [2.3| (a) shows Re [K}] and Im [K}] as a function in w
and (b) shows the mode shapes spanning 10 unit cells at different frequencies labeled in (a).
For low and high frequencies (shaded bands, where Im [Kj;] = 0 ), the structure supports a
continuum of delocalized, propagating modes (green modes in (b)), while for frequencies in

the gap (complex [K,] ), propagation decays exponentially (red modes in (b)).

3We use the bisection method to solve it.
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Winia = ™/ (lt/ve + 1,/v,). (b) Mode shapes at different w, values are labelled by iii,..etc in

(a)

2.1.1.2 Band gap optimization

Larger bandgaps have correspondingly larger Im [K;], meaning modes within the gap decay
over shorter distances. One unitless figure of merit is therefore the size of the gap Awgqp

relative to its mid value w4 (“gap to mid gap ratio”):

AWgap o Wupper — Wiower (2 47)
= , i
Wimid 0-5(wupper + wlower)

which is related to the number of unit cells over which the mode decays. In our case, we
are interested in maximizing the size of the first band gap. This means we are looking for

the conditions that always keep S at the lowest possible value below -1. By looking at the
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expression for S:

2 2
(p Fve)” cosw(t, +t;) — (o =)
4Upvt UpUt

S = cosw(t, — t¢), (2.48)

(reproduced from equation for convenience), we note the following:

e w(t, + t;) is always bigger than w(t, — t;), i.e., the first term oscillates more quickly

than the second.

e As cosw(t, + t;) approaches its lower bound, -1, S becomes most negative when

cosw(t, —t;) =1 (or w(t, —t;) = 0 ) that is, when ¢, = ;.

This suggests that, if we are given v, and v;, we would do well to choose [, and [, such that

ty = tp, (2.49)
(o Vp
- == 2.50
b _ v
- =— 2.51

This “principle of equal transit times” in fact maximizes the size of all the “odd” gaps centered
at w = (2n+1) (%ﬂ”“’“) for integer n. Basically, if the speed in a segment is higher
(i.e. due to lower mass density), the length of the segment should be larger in proportion to

maximize the first gap. Under this condition, equation becomes

(vp + 1)
dvpvy

(ve — vp)°
dvpvy

S = cosw(t, +t;) — (2.52)
which can be solved analytically to determine wypper , Wiower ; Kp and the modes, as discussed
generally in section To illustrate this result further, we plot the Awgqy/wmia as
function of I; at fixed [,,, v, and v; in figure 2.4| (a), for convenience lets call (f}—’t’) the velocity
(contrast) ratio, Vi,u0, and (é—f) the lengths (contrast) ratio, L,u.. The figure shows how
the Awgep/wmia reaches a maximum value at the optimal [;. Like an optical Bragg mirror
[64], the ratio of Awgap/wmiq increases with velocity contrast V., and is maximized when

the wave transit times ¢,; = [,;/v,; for the pad and tether are equal. This is clear when we
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plot the Viatio/ Lyatio, Of the same sequence of l;, versus the Awgap,/Wimia , figure (b). We
find that the maximum ratio happens when the V,ui0/Lratio = 1, which is the condition of
equal transit times Note the curves in [2.4] are qualitatively similar to those determined
by numerical optimizations for our two-dimensional systems discussed in section [2.2] figure

2. 10
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Figure 2.4: Optimum band gap ratio rules: (a) The gap ratio Awg,p/wmia versus tether length
l;. (b) The gap ratio versus V,atio/Lratio- For this calculation, [, = 1 and v, /v, = 4.

The origin of the band gap is the contrast between the wave velocities (or mass densities)

in the heavy and light segments. To simplify the picture, we consider that we have satisfied
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the equal transit times condition and re-parametrize the equation of S with the unitless

contrast parameter V.,

v [
V:ratio = ’U_Z: - i - L'ratim (253)
so that
lt a
L = = 2.54
! lt + lpa 1 + ‘/ratio’ ( )
lt a
ty = — = — ¢ 2.55
! v (14 Viatio) vy P ( )
and
lp lp t
g (- 2+ (1+ E)Qvfcos(%w)
(4207)
1 V;"a 10 2 1-— ‘/;"a 10 2
U Voatio)” oty — = Vratio)” (2.56)

4‘/:/‘atio 4‘/;"ati0

We can estimate the Awgqp/wmi from this expression exactly; the lower band gap edge

frequency happens when S = —1, so

(1 + ‘/ratio>2 (1 - ‘/ratio)2

2 owert = - ]-, 2.57
4V:ratio COS[ “ t} 4‘/r‘atio ( )
1 1 - 6‘/7’atio + V2t‘
ower — A, el 2.58
wp Qtt arccos |:1 T QVPGMO n ‘/;2(“%0 ( )
The mid gap frequency happens at w,,;,q = 7/2t; (at K, = 7/a )
™ 2t
Awgap/wm’id =2 (Q_tt - wlower) 77 (259)

(2.60)

. - 6‘/;”atio + V?atio
1+ 2‘/;”(115@‘0 + ‘/;2 .

AwWgap/Wimid = — arccos ( >

As expected, this means that if V.., = 0 (no contrast), Awgep/wmia = 0 (no band gap).
Interestingly, this simplified analysis for the optimal band gap size allows us to find an

easy estimate for Im [K}], that will help us quantify the crystal decay (localization) length,

as defined in section [2.1.2.2] for frequencies in the middle of the gap, wyiq = 7/2t;. Using
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equations and we find that:

Viewo | 1 2 V2, + V2,
—In t + + \/ + Viatio T / ratio

Im [K, =
Hl[ b](w:wmz‘d) 2 QWatio 2

(2.61)

2.1.2 Phononic crystal ideal string under tension and subjected to

an optical trap force

In this section, we expand our toy model to include the influence of an optical trap force
applied to one pad of the infinite crystal. We numerically calculate the new defect (localized)
frequencies, mode shapes and the effective mass in section Then in section
we impose the weak trap approximation to exactly solve for the localized frequencies, the
effective mass and the localization length as a function of trap power. Finally, besides the
localization length (and the effective mass), we introduce another figure of merit, section
which is the ratio of the trapped pad’s amplitude with the trap on and off for a fixed

mechanical energy stored in the mode.
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Figure 2.5: String under tension 7" and an optical trap f(z) = [y within Az = [—1,/4,1,/4]
and zero everywhere; we consider transverse displacements only, along y.

2.1.2.1 Defect (localized) modes frequencies and shapes

We apply the optical trap to our infinite string (that has mass density, p(x), and tension,
T), figure The optical trap is modeled as a transverse spring constant density (5(z)
proportional to the average (classical) laser power or cavity occupancy n., [38,39]. The total

vertical force on a segment of length dx at location x, is given by (for small amplitudes)
dF, = TO0,y(xo + dzx/2) — TOyy(xo — dx/2) — B(x)dzy, (2.62)

where y is the transverse displacement, so that the local string’s wave equation becomes

p(2)dzdty = T [0,y (w0 + dv/2) — Opy(z0 — dz/2)] — B(z)dxy, (2.63)

24



which, in the limit dx — 0, becomes
p(2)0fy — T7y + B(x)y = 0. (2.64)

For simplicity, S(z) is assumed to be a constant () within a region of length Az =
[—1,/4,1,/4] at the center of one pad (central pad) and zero elsewhere, as illustrated in

figure (a), hence the equation of motion inside the trapped region is
pp0iyp — TO2yp + Boyp = 0. (2.65)

where yp is the transverse displacement in the trapped region of the central pad. The real
trap will have a gaussian intensity profile with a width smaller than the pad [38], 39], which
poses a difficult transfer matrix calculation. To gain quick insight, we approximate this
distribution as rectangular, so that there are only two boundaries to worry about, and so
that this model can be generalized to study the effect of beam size on the trapped modes.

Assuming the general wave solution in the trapped pad region
yp(z,t) = (Ape*r® 4 Bpe hp®)eiwt (2.66)

where kp is the wave number of the trapped pad, Ap and Bp are the complex wave ampli-

tudes, yields

— w?p, + kHT + By = 0, (2.67)
or
T
W=k + @. (2.68)
Pp  Pp

If we define the usual velocity v = T/p,, and trap frequency w2, = Bo/pp, We have a

w = /kHv2 + Wiy, (2.69)

kp = —y/w? — w? (2.70)

opt*

dispersion relation

Now if we trap a single pad of the infinite lattice, we have three regions with solutions that
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should be tied together to fulfill the continuity condition, a region “I” spanning[—oo, _Tlp
a region “D” spanning [_Tl”, lzp}, and a region “II” spanning [lzp, oo}, shown in figure
The solutions in regions [ and I are those of the unperturbed equation namely plane
waves (equation with k,; wave numbers, since these regions do not see the optical trap.
Given wgy, the goal is to find a frequency w and combination of amplitudes Ap and Bp that
properly connect region D to I and IT having the same frequency (applying the continuity
condition which determines A;, By, Ay and Bj; as shown in section . Since we want
to trap the band edge mode (which is mirror symmetric about the trapping location; see

figure (b,iii), Wiower ) into the gap, we can restrict our search to mirror-symmetric wave

functions. In this case, the mode in the pad is given by
yp = Ap cos(kpz), (2.71)

and we only need to connect this to the untrapped mode at one boundary (the other is
redundant by symmetry). At the boundary = = [,/4 in D region of figure the amplitude

and the derivative are

yp(l,/4) = Ap cos(kpl,/4), (2.72)
8myD(lp/4) = —AD]CD sin(lep/4), (273)

The solution in region 17 is
y[](l’) = A[[@ik”x + B][Giik”x. (274)

Starting with the eigenmode of the untrapped pad (equation [2.45)), the amplitudes at the

boundary of region I (A;; and By;) are

A 6z‘l<:pl,[,/4 0 A 6z‘wtp/4
= ° | = . (2.75)
Bj; 0 efikplp/él By Boefiwtp/4

Momentarily defining 2 = 0 at this boundary (for simplicity), the displacement and its

derivative are
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yir = A + B, (2.76)

W
dwyrr = i— (A — Brr), (2.77)
Up

plugging in equation [2.75]

yir = eiwtp/4 + Boe_thp/47 (278)
_ Wit/ —iwty /4
Opyrr = 1— (e »/% — Boe ) . (2.79)
Up

Applying the boundary conditions at this interface yields

Ap cos(kpl,/4) = e/t L Bye Wt/ (2.80)
— Apkpsin(kpl,/4) = ik,e™/* — ik, Bye= /4, (2.81)

The unknowns are Ap and w, since, for a given w, By is known from equation [2.45] The first

condition yields Ap
eiwtp/4 4 Boe—iwtp/4

Ap = 2.82
b cos(kpl,/4) (282)
which can be plugged into equation [2.81] to yield the transcendental equation for w
w eiwtp/Q _ BO
0=i————F——— + kptan(kpl,/4), (2.83)

vy eiwtp/2 + BO

where kp is given above in equation and By is given in equation [2.45]
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Figure 2.6: (a) Dependence of localized mode frequency (red) and effective mass (magenta,

normalized by myn;) on integrated trap strength \/BoAz/myn; (i.e., represented as the
frequency of a rigid-point mass experiencing the same restoring force). Gray curves show the

same calculation in the weak-trap limit for (frequency and mass). (b) Optically tuned mode
shapes for values labeled in (a). The red gradient qualitatively indicates the location and
intensity of the trap. For this calculation, /;/l, = 4 and v;/v, = 4, and all frequencies are
normalized by the midgap value wy,q = 7/(l;/vr + 1,/ v,).

Solving equation numerically (for specific system v,; and [,,;) at different w,,, yields
the red curve (w, “trapped” eigenfrequencies) in figure (a). As expected, if wy, = 0, we
retain the band gap edge mode. As a function of trap strength, the mode initially “accelerates”
into the band gap, then its progress slows as it approaches the upper band. Note this is not
an asymptotic approach to the upper band edge; the defect mode frequency enters the upper
band at finite trap power.

Once we have this eigenfrequency, we can plug it into equation [2.82]to calculate Ap above,
then we can use it in equation to plot the mode shape yp within the trapped region,
x = [0,,/4]. Then we propagate A;; and B;; in equation using the individual transfer
matrices of the previous section to produce the mode shapes. These mode shapes at different
frequencies are shown in figure (b), each mode shown is labeled with the same number
as its frequency in (a). The mode, which initially is fully delocalized over the infinite string,
localizes as its frequency enters the gap, it is maximally localized when the frequency is at

the middle of the gap, and it then delocalizes into something resembling the upper band edge
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mode at higher powers.

Effective mass

Suppose we have a specific mode shape y(x). We can view this as a bunch of little seg-
ments that, under some combination of optical and material spring, oscillate up and down
at frequency w. A segment at location x of length dx, for example, has mass dm = p(z)dz,

oscillates at w with amplitude y(z). Its stored energy must therefore be

1 1
dU = 3 [dmw?] y* = §w2p(x)y2d:v, (2.84)

and the total energy of the structure is then

Usot = % [w2 / p(z) (i)zdx] Yo, (2.85)

we define g, to be the amplitude of the mode at some arbitrary location, such as x = 0. Since
y o yo for all x, the integral as written is independent of y,, because, for a given normal
mode, y and gy, scale together and their ratio is fixed. The term in brackets is the effective

spring constant, K.y, for displacement y, at x = 0, meaning the effective mass is

K. p(z)y*dz
Mes = wgf:f . (2.86)

Yo

To calculate the effective mass of our localized modes, we first calculate the effective mass of

each section (of constant p). For each section, the general form of the local displacement is

y(z) =Re [Ae™»** + Be "]
=Re[(A+ B)coskyx +i(A — B)sink,x], (2.87)

=Rcoskyx + Isinky,,
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with R = Re[A+ B] and I = Re[i(A — B)] and x = 0 at the start of the region. Integrating
y?, yields

/dex = / (R cos kyz + I sink,z)* de,

:R2/cos2(kp7tx)dx+]2/sin2(kp,tx)dx+2Rl/cos(k;p,tx) sin(kyx)dz, (2.88)

and so

L L 1 L 1 1
/O y?dr = R? (5 + T sin(2/<;p7tL)) + I? (5 T sin(%p,tL)) + RJE sin®(k,L),

(2.89)
each is taken from O to the length L of the segment in question, where, in the last step,
we have defined the start (stop) of the segment in question to occur at x = 0 (z = L) for
convenience. Since p(x) is an alternating mass (periodic), we evaluate [ y*dz and meyy for
three main sections in the crystal. The trapped region of the trapped pad x = [0,[,/4], the
free region of the trapped pad = = [l,/4,1,/2] and the rest of the crystal. With this simple
formula for the effective mass contribution from a single segment, we can then calculate the
total effective mass of the infinite structure as the sum over the trapped pad region, the
untrapped (central) pad region, and then an exponentially decaying sum of the subsequent
unit cells (with relative amplitudes related by the Bloch condition). Doing so on the right-half

of the structure yields %mef 7 as

1 o/t 2 /2 2 ftether ptdex + fpad ppgﬁdx
o Mefs :/0 ppy~da + /lp/4 Py dr + [ ok : (2.90)

where K is Bloch wave vector, n is the number of unit cells. The first two terms correspond

to the central (trapped) pad. The third term is the sum over subsequent unit cells, where

we have used the periodicity equation 2.24]
y(x +na) = () (), (2.91)

to calculate the amplitude of each segment, and evaluated the geometric series for the ex-

ponential decay. For simplicity, we also scaled all waves amplitudes by that at x = 0 (the
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center of the central pad) so that yo = 1. The magenta curve in figure (a) shows the m.yy

scaled by the mass of a unit cell m,,;; at different trap strengths, where
Manit = lpr + Lppp = LT /0} + L,T /02, (2.92)

This definition of m.s; equation is intuitively consistent with the mode profiles in
(b), as well as the functional form of the localized mode frequency (a)]:the trap’s ability

to tune w is largest when mes; is small (roughly@.

2.1.2.2 Weak trap limit

We emphasize that for this infinite structure (i.e., having infinite untrapped meyss), even an
infinitesimal trap will produce a finite value of m.s¢. In the following lines, we illuminate
this behavior by extracting analytical expressions for the trapped mechanical frequency w
and the localization length .2 = 1/Im [K,] for the case of an optimal crystal (i.e., with equal
pad/tether wave transit times ¢, = t;, as discussed in section and lower band edge

frequency wipwer) and a weak trap wopr < Wiower-

Localized frequencies

Here we wish to estimate what happens to the band edge mode for very small traps. For the

optimal case recall that (when ¢, = t;) the band edge mode has the frequency (see equations

2
Wiower = %t arccos 1 _T_ g;ﬁ:j: i 3;2:: , (2.93)
with
Viatio = Z—j = ZZ—’: (2.94)
Suppose we apply an infinitesimal trap strength
A= oy <1 (2.95)
3 )

lower

4Note the deviation from this simple intuition arises from the choice of z( in equation The trap
essentially serves as a “partially clamped” region that suppresses the amplitude at xg, leading to the “dimples”
at high trap strength in figure b), a systematically larger me s, and a reduced trap efficiency.
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this will cause the band edge frequency to shift slightly
W = Wiower (1 +0). (2.96)

For A <« 1, we can then expand the transcendental into the small parameters A and 0.

In this equation, we need to expand By and kp

W 6io.)tp/2 — By

0= Zv—pm + kD tan(lep/4), (297)

where again, at (f, = t;), equation m

_ —Mp + (S +vS%2—1)

B , 2.98
: o4 (2.99
and equation [2.52]
2 2
g — (vp +u)° cos(w2t,) — M’ (2.99)
4"Up’Ut 4Upvt

with (equations and )

My = " (v + Ut)z = (v = vt)2» (2.100)
4v,v

Msy = e W (vp + v)? — (vp — Ut)Q, (2.101)

dvpvy

So, expanding S about w = wiywer, keeping only the leading-order terms in A and 9, yields

(v + 1) (co8(2wiowertp) — 2wiowertpd SIN(2Wiowerty)) — (v, — v4)?

S~
4v,vy

, (2.102)

=—1—(4S;s),

with
(vp +v1)° :
Ss = %Twlowertp sin(2wiowertp ), (2.103)
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since S passes through -1 at the band edge. We use this S expansion to expand By, which,

after algebra gives

BO ~ BO(wlower) + B(;\/g, (2104)
where
20,00/ 25,
By = —5—2 V% , (2.105)
Z(’Up — v7) sin(Wiowertp)
and we have used the property of the stationary (standing-wave) band edge mode
_4 _ S2iwowertp 2 )2
BO(Wlower) - 'Upvt 6 2 Q(U{) i Ut) i (vp Ut) 5 (2106)
QZ(UP — v7) Sin(Wipwertp)
=1.
So,
By~ 1+ BsV/s. (2.107)

Finally, we expand kp (keeping only terms up A to and ¢), which is the only place the optical

trap enters the problem

kp ~lover TA (2.108)
Up

Nwlower B WlowerA
Up 2v,

Plugging all of this into the transcendental equation and throwing away the self-canceling

(unperturbed) band-edge components

wlowertp/4

B
sec? (Wiowerty/4) A + ol Vs, (2.109)

1
~ -t tp/4
0 2 an (Wiower p/ ) + 2cos? (Wlowertp/4)

and finally

5~ (vp — v1)? (sin (2wiowerty/4) + 2wlowertp/4)2 tan(Wipwertp)
32Upvtwlowertp

A2 (2.110)
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or, in terms of wep

5~ (vp — v1)? (sin (2wiowertp/4) + 2wlowertp/4)2 tan(wWiowerlp) [ Wopt 4 (2.111)
327JpUthovvuertp Wiower ’ .
where, recall (section [2.1.2.1)
wWane = Bo/ py- (2.112)

4

Here we see that the frequency shift § oc w;

for weak traps. We show this trapped frequency
plot in gray, figure (a). It represents a very good approximation for small changes. The
fact that both (weak trap limit and the numerical result) initially scale as the fourth power
is the statement that the effective mass is decreasing, making it increasingly easier to trap.

The red curve slows down relative to the gray because the effective mass reaches a minimal

value and starts to increase again when it enters the delocalization zone.

Localization length and effective mass

The localization length is defined as the length at which the displacement amplitude decreases

to 1/e of that at the center of the central pad and is given by

1

Z = T [5]

(2.113)

To get .Z analytically in the limit A < 1, we use the S expansion in the expression for K

(equation [2.34))

Kya =7 —iln (—S— m) ,
~r—iln (1 + S50 — \/m> , (2.114)
m—un(1—\/ﬁ;5),
AT+ /28550,

so that,

Im [K] ~ /28550, (2.115)
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and

< 1
<~ , (2.116)
a vV 255(5
after substituting S5 and ¢, we get
4u,v; 1
P~ P — 2.117
(vf — Ug) (sin (2wiowertp/4) + 2wety/4) SIn(Wipwertp) A ( )
or, in terms of wey,
P 4Upvt Wiower 2 (2 118)
- (vf — vf)) (sin (2wipwertp/4) 4 2wety,/4) Sin(Wipwerty) \ Wopt ) '

This expression shows that in this limit (A < 1), the localization length is much bigger than
the unit cell, £ > a, as expected. We can also derive an analytical expression for myy,
equation from this expression. We know from above that at this limit the band edge
mode has K, = m/a + (i/Z), and we can use the periodicity condition to simplify m.ss
calculation for crystals that has n unit cells equation 2.24] as we did before. To start, we

find the m.ys for the first unit cell at the origin. Since the first pad’s integral is (equation

above),

+p/2 p l p
Mypo ~ / pp cos®(kyx)dr = 22 + L gin(k,l,), (2.119)
—1p/2 2 2k

we can automatically write down the integral of the n'* pad to the right based on Bloch

periodicity, and this pad’s contribution to the effective mass is then

- 7 v a v
My e2onir+3) Pp (lp + 2 sin(wlowertp)) _ % Pp (lp + —2— sin(Wipwerlp)
2 Wiower 2 Wiower
(2.120)
Next, we calculate the effective mass contribution from the tethers. We start by finding
the oscillation amplitude of the first tether. The first tether oscillates approximately anti-
symmetrically about its middle, and it oscillation amplitude must match at the boundary,

S0
Ay sin(kily/2) = cos(kpl,/2)

At ~ COt(wlowertp/2)7

(2.121)
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where A, is the oscillation amplitude of the tether. Hence the effective mass of the n'” tether
is
+e/2

Mt ~e 7 p, cot (Wiowertp/2) / sin?(k,x)dw,
—1/2

26*2”§% cot (Wiowertp/2) <lt — sin(wlowertp)> ) (2.122)

Wiower

The total mass then reduces to a geometric series

Mefr =Mpo +2 Z (mp,n + mt,n)

n=1
o0
Nmp0+2 mp0+mt0 E (2123)
n=1
~m 2mp70 + tho
~ 0 N
P 2z —1
approximating ezé_l as % , means Mmess ~ (my, + mt)z ~ Z ~ 1/Wopt , where m,, and m,

are the effective masses of the pad and tether for the unperturbed band-edge mode

— Pplp _PpYp
my, = + g sin(wWiowertp),

(2.124)

my = Py COt(wlowertp/Q)(§ - leoww Sln(wlowertp))

The effective mass m. sy in this limit is also plotted in gray in figure [2.6] (a). The localization

length, and hence the effective mass are oc 1/w? ., which explains why the frequency shift §

opt’

is quartic in A.

2.1.2.3 Another figure of merit: amplitude change at the defect

We now introduce another figure of merit, which is the ratio of amplitudes of the trapped
and untrapped modes, for fixed mechanical energy in the lattice. For the untrapped mode,
consider the situation where the band edge mode (figure [2.6| (b,i)) of a crystal comprising N

unit cells in total, with the trapping laser off, driven to some amplitude y,ss. In this case,
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the stored energy is
N 1
Utot,off 1: anl §2mnwl2;,werygff (2125)
= iNmU”itwloweryoff'
Where n is the distance from the central pad (the unit cell index). If we compare it with the

same system at the same energy but with the central pad weakly trapped, this will induce

the localization length £ given above, and the amplitude profile will follow
Y = Yone "7, (2.126)

which oscillates at a new amplitude y,,

N/2
1 —na) P\ 2
Utot,on - §munitw120wer ygn + 2 ; (yone /j) : (2127)

We can now estimate the ratio of the trapped pad amplitude y,, to that of the untrapped
pad y,y for a given energy by equating the two

N/2
1 2 2 1 2 2 —na/L\2
§Nmunitwloweryoff Némunitwlower Yon T 2 ; (yone / ) ’ (2128)
1 N/2
:§munitwl20werygn 1 + 2 Zl 672710«/“/ ’
:lm | w2 y2 -1 - e2a/$ + 2€—Na/,$,”
2 unit*lower Jon 1 — 20/ )

2 -1 — 2a/% 2 —Na/¥
Yon :( . s )N. (2.129)

ygff 1 — e2a/Z
So, for a 1D crystal having N unit cells in the weak-trap limit A < 1, the localization length
Z > a and the ratio is

Yon . Na 1
T L1 —e N2

2.130)
5 (
Yors
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In the “small-crystal” limit Na < £ , then we can Taylor expand this function, and it

becomes

14— (2.131)

This highlights the enhancement from light’s combined influence over the many modes of a
large crystal: for a given trap, the change scales with N, so larger crystals exhibit a larger
response, despite the correspondingly larger mass. This perhaps unintuitive result can be
understood by noting that a larger structure has more mechanical energy to draw inward to
the trapping site, or, equivalently, that the density of band-edge modes scales roughly as N,
and the hybridization of these modes leads to a larger trapped pad amplitude. On the other
hand, if the localization length is smaller than the crystal Na > £ (big crystal limit), this

You o VG (2.132)
Yorf Zz

In this limit, the entire structure’s mechanical energy is drawn to within a radius ~ .Z of

equation reduces to

the trap, and the resulting amplitude changes can be significantly larger (scaling even more

favorably in higher dimensions).

2.2 Realistic Implementation: Finite Element Model in

COMSOL

We show here a relatively straightforward realization in two dimensions (2D) based on stan-
dard fabrication techniques and a “membrane-in-the-middle” optomechanical geometry [65].
First, section we calculate the dispersion of a 100-nm-thick SizN, membrane patterned
into an infinite 2D hexagonal lattice to find a bandgap for out-of-plane (OOP) waves. Then
in section we calculate the localized frequencies, mode shapes and effective mass of a
finite 2D hexagonal lattice under the effect of an optical trap (positive trap), finding a very
good quantitative and qualitative a agreement between our 1D approximation and this 2D
calculation. In another scenario, we apply a negative trap (an anti-trap) and demonstrate
that one can localize modes from the upper band. Finally, in section we show the band

gap size optimization results.
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2.2.1 Dispersion of an infinite 2D crystal

In figure we simulate the normal modes of a 100- nm-thick Si3sN, membrane patterned
into the hexagonal lattice inset in The pad diameter d = 16 um, tether width w =1
um, and tether length [ = 52.5 um; these parameters are chosen because (i) the unit cell
is relatively small (meaning a millimeter-scale structure can contain many of them), (ii)
the tether width is compatible with large-area photolithography (single-pad structures have
recently achieved extraordinarily low dissipation rates [2] [48]), (iii) the pads are large enough
to not result in significant optical clipping losses [38|, 2] when positioned within a fiber cavity
[66], and (iv) this tether width of value 1 um maximizes the gap ratio Awgep/wWmia. Applying
Bloch-periodic boundary conditions (wave vector K,) to the parallelogram unit cell (inset)
yields the dispersion relation plotted in following the first Brillouin zone path (1BZ,
inset). The blue out-of-plane (OOP) modes exhibit a gap between 2.0 and 3.8 MH#’| The
in-plane modes (burgundy) are significantly stiffer than the OOP modes, cutting through the
gap. However, since we assume the optical restoring force is applied in the OOP direction,

the in-plane modes should remain orthogonal and not play a role in OOP dynamics.

5Note we find that square lattices of similar dimensions behave qualitatively similarly but exhibit a smaller
gap due to a combination of reduced rotational symmetry (i.e., the shift between wjyyer for the K and M
directions is larger) and a more gradual taper between high and low wave velocities associated with the fillets
(see Ref. [2] for the pad shape).
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Figure 2.7: Finite-element (COMSOL) simulation of the dispersion of an infinite phononic
pseudo gap membrane, fabricated from 100-nm-thick SigN, with an internal stress of 1 GPa;
the unit-cell inset shows the dimensions w = 1 um, d = 16 um, and [ = 52.5 ym. Red points
show in-plane modes, and blue shows out-of-plane (OOP) modes. The right-hand inset shows
the first Brillouin zone (1BZ, gray) and the K- labeling convention.

2.2.2 Localized modes

Figure (a) shows the normal-mode frequencies for the finite crystal in Figure (b),
with a megahertz-scale optical trap having a Gaussian intensity profile with a diameter of 8
um applied to the central pad [38, 39]. Similar to the 1D model, the nominally delocalized
band-edge mode |Figure [2.8| (b), profile (i)] initially localizes [profile (ii)] and then delocalizes
again [profile (iii)] as it enters the upper band. This result agrees surprisingly well with the
infinite 1D model (faint red curve, [2.8|(a) ) if we employ linear mass densities p, = 5.7 pg/um
and p; = 0.81, estimated from the density variations of a unit cell along the “K” direction
[Figure 2.7] inset|, and string tension 7' = 230 uN, estimated from the cross-sectional area of
the tethers. The effective mass (magenta) again plummets to a value comparable to that of
a single unit cell (mypi~ 90 pg), with mes; ~ pgintd* ~100 pg near the middle of the gap.
Other modes of the structure are trapped as well [note the subtle frequency shifts in Figure

(a)], but the band-edge mode is the first to benefit from a reduced m.ys, allowing it to
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quickly pull away from the band.
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Figure 2.8: Trapping COMSOL simulation. (a) Eigenfrequencies of a finite structure with
an 8- um-diameter optical trap applied to the central pad. Trap strength is scaled by the
mass of a single unit cell. The band-edge mode [red, see (i) in (b)] can be tuned through
the OOP gap. The effective mass (magenta, normalized by m,;;) calculated from COMSOL
plummets as the mode localizes. The faint red line shows the prediction of the 1D analytical
model with linear mass densities and tension determined by the structure’s periodicity in
the K direction. (b) Mode profiles at the points indicated in (b), showing (i) the untrapped
mode, (ii) localization, and (iii) delocalization.

In another scenario, as shown in Figure (a), one can also achieve localization of the
upper band-edge modes by applying a trap of negative strength (i.e., an “anti-trap”). Anti-
traps can be achieved, for example, by positioning the pad at the node of an optical standing
wave where, advantageously, optical loss in the nitride is minimized, thereby alleviating the
problem of excessive heating. However, for our naively applied trap, the fundamental mode
becomes unstable long before significant localization can occur, as evidenced by its immediate
drop to zero frequency. On the other hand, the localized modes (Figure [2.9] (b)) are torsional

in nature, meaning a purely torsional trap might circumvent this problem, at the expense of
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increased absorption [39).
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Figure 2.9: Anti-trapping COMSOL simulation. (a) localization of the upper band-edge
modes by applying an anti-trap .(b) Two nearly degenerate modes localized by an optical
anti-trap,(i) and (ii) shown in (a).

2.2.3 Optimization

While patterned membranes, fiber cavities, and megahertz frequency optical traps together
represent a viable means of optically localizing a mechanical mode, for lower-frequency appli-
cations one may prefer to work with larger pads and free-space optics. A potential advantage
of larger pads is that the increased ratio d/w (assuming w = 1 um remains fixed by pho-
tolithography) results in a larger velocity contrast v;/v, . This in turn creates a larger gap
ratio Awgep/wmia and a larger difference in amplitude between neighboring pads when local-
ized. Figure[2.10]shows the dependence of the band-edge frequencies on tether length for the
original pads with d = 16 ym (blue) and larger pads with d = 128 um (red). The fractional
gap Awgep/wWmia can, indeed, be much higher for the large pads (Awgyep/wWmia = 0.9) than
for the smaller pads (Awgep/wWmia = 0.6), and all mechanical frequencies of course decrease
with increasing size. The trade-off for larger structures is that, in order to achieve the opti-

mal gap, the tethers must be correspondingly lengthened to the millimeter scale (although a
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sub-optimal gap still exists for significantly shorter tethers).
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Figure 2.10: Dependence of the band-edge frequencies on the tether length for small d = 16
pum (blue) and large d = 128 um (red) structures with w = 1 um. At the optimal tether
lengths (arrows), the small structure has a gap ratio Awg.p/wmia = 0.6 , and the larger
structure (higher velocity contrast) has Awgep/wmia = 0.9.

2.3 Summary & conclusion

In this chapter, we explored the physics of laser localization in one dimensional ideal string
under tension with periodically alternating mass density. We calculated the dispersion, iden-
tified and maximized the band gap of the out-of-plane modes. Then we applied a uniform
optical spring constant density over a small region of one unit cell and numerically calculated
the resulting optically driven defect modes, their mode profiles and effective mass. We found
that it is possible to vary the spatial extent and the amount of participating mass in these
optically defined defect modes by many orders of magnitude. We find that the localization
length (and effective mass) scale as the inverse square of the trap power; even for an infinite
lattice, this implies an infinitesimal trap will lead to a finite mechanical mode mass. Also,
under the weak trap approximation, we analytically derive the defect frequencies and effec-

tive mass finding a very good agreement between the analytical and numerical analysis. We
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derived another figure of merit for this style of optomechanical coupling which is the ratio of
the trapped pad’s amplitude with the trap on and off for a fixed mechanical energy stored in
the mode. Counterintuitively, we found that the mechanical response to fixed trap power can
increase for larger, more massive structures. Then, guided by the intuition we have developed
in the one-dimensional toy model, we designed realistic two-dimensional Si3N4 phononic crys-
tal membranes using FEM (COMSOL). We calculated their dispersion showing the presence
of out of plane modes band gap and calculated the optically defined defect modes. We found
a very good agreement between our 1D model and the 2D simulation, with the 1D model
predicting band edge frequencies within ~ 20 % of those simulated, and a semi-quantitatively
similar response to an applied optical trap and band gap size maximizing rules.

Furthermore, we have chosen this transverse-wave geometry because it is easy to visualize
and relevant to our group’s experimental capabilities, but the same physics will occur in any
periodic mechanical structure, provided a local optical trap can be applied.

Since a typical optomechanics laboratory is incapable of fabricating an infinite phononic
crystal, an important figure of merit is the localization length £ n00n that can be achieved
with an average cavity occupancy n, = 1. In the calculations above figure 2.8, the trap
strength is normalized to avoid any dependence on a particular trapping mechanism. To get
a sense of scale for a realistic system, suppose a trap is applied to a 1D crystal having the
parameters discussed in figure by a fiber cavity [66] of length L = 10 ym and finesse F =
10° at a wavelength A = 1064 nm, using the (stable) “quadratic” optomechanical coupling

found near avoided crossings [39, 67]. In this case, the upper limit on the per-photon spring

constant K; [39] produces a normalized trap strength \/Kl/munit ~ \/16hc}"/L)\2mum-t ~
75 kHz, a localization length Zijnoton ~ 30 mm (570 unit cells), and an effective mass
Miphoton,eff ~ 90 ngﬂ Remarkably, -2 photon is not a quantity naturally measured in parsecs,
and this extremely low level of light should be capable of producing significant changes
in the mode of a chip-scale mechanical element. To further quantify this statement, we
estimate the ratio of the trapped pad’s amplitude with the trap on (y,,) and off (y,ry), for
a fixed mechanical energy U, stored in the mode, derived in section [2.1.2.3] using the same

6Note the “linear” optical spring produces a comparable trap with some cold anti-damping in this system
[68].
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parameters; this effect can be quite large even for the case n, = 1, producing an ~ 5%
amplitude change in an ~ 7 -mm-long (N = 120) 1D crystal. In principle, this means light
at the level of a single photon, in a realistic cavity trap, can cause a measurable change in

the mode of a millimeter-scale membrane.
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Chapter 3

Fabrication of stoichiometric silicon

nitride phononic crystal membranes

Given the promising theoretical results in chapter 2] we move now to the fabrication of
two-dimensional crystals, figure (a), similar to those simulated in chapter [2| In section
3.1, we outline the design guidelines we follow to construct the layout of the “photomask”
we use in the fabrication process. Then, in section [3.2] we apply a process flow developed
(by our group) for creating ultralow-noise trampolines [2]. We find that it is possible to
successfully create 100-nm-thick and 300-nm-thick phononic crystals (especially those having
larger pads and longer tethers), but that the yield is relatively low, with ~ 15 % ( for the
100 nm membranes) and ~ 35 % ( for the 300 nm membranes), the rest of the devices break
when we attempt to release the structure. Finally, in sections [3.3] and [3.5] we present
several modified process flows that improve the yield, to as much as «~ 90 %, by protecting
the crystal from turbulence and bubbles during release. Interestingly, we produce suspended

2 and up to 2750 crystal unit

phononic crystal membranes with an area as large as 20 mm
cells, with tethers as narrow as ~ 1.5 um. Preliminary mechanical characterization, presented
in section , confirms that these devices indeed exhibit the phononic bandgap (with a ratio
of gap width to band edge frequency as high as 80 %) required for laser-induced localization

experiments. We finish the chapter with a summary of the main findings, section
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3.1 Device Design

In this section, we explain the design rules and considerations we have followed to construct
the “photomask” layout (figure we use in the microfabrication process.

The photomask is a glass plate coated with chrome (a metallic material that blocks UV
light) in the shape of the phononic crystal structure; see figure (a,b,c)ﬂ It spans the 6"
circular wafer, leaving a border of at least 0.5 cm between any device and the wafer edge.
The mask is divided into 7 mm X 7 mm chips, each containing a single crystal structure at
the center.

The goal of this initial work is to gain basic information about what device geometries
tend to survive the process. To this end, the “front-side” mask contains devices of hexagonal
(figure (b)) and square (figure (c)) lattices, having all combinations of the following
parameters (geometrically defined for both cases in figure 3.1): window sizes (WS) of [0.35,
0.7, 1.4, 2.5, 4.5] mm, pad diameters (PD) of [16, 32, 64, 128, 256] pm, tether width (TEW) of
[1, 1.5, 2, 3, 5] um, and tether length (TEL) spans the range |26, 530| um, using the following
rule: for each combination of PD and TEW, we have chosen 5 TEL values that span +/-
30% of the optimal length (that gives the optimal gap ratio, Awge,/wmid , as calculated
by COMSOL for each device). We have applied this optimal TEL choice to the small pad
diameter devices (only) since in the case of large pad diameter devices, the optimal tether is
around a millimetre in length. For large pads, we imposed a ceiling of 500 um on the tether
length.

Small windows will ensure at least some devices survive; we know, for example that single-
unit-cell systems (trampolines [2]) survive with > 90% using the simple technique of section
. The largest windows will be more than sufficient to observe interesting localization
physics. The pad diameter range is chosen to have some devices compatible with both fiber
and free-space cavities, and to see how large we can make the velocity contrast (see section
to maximize the gap ratio, Awgap/Wimid -

Note that we avoid convex or straight pad edges by adding circular fillets to result in

concave pad edges [2]. We choose the fillet radius such that it gives the correct PD. For

!The white areas are the opaque chrome areas and the digitized (pink in the frontside mask and purple
in the backside mask) areas are the clear, glass, ones.
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example, in the case of hexagonal pads the radius of the fillet (RF) is given by: RF =
0.5PD. Since these nitride films are under high tensile stress («~~1 GPa) that is nonuniform
through the thickness of the layer, the use of concave edges minimizes the upwards folding
after release. Also, we avoid the sharp corners (locations of high stress) at the clamping
regions in the frame by adding fillets (which makes them curved and smooth) to reduce the
concentrated stress. In our case, the fillet radius at the frame is half that at the pad, to
reduce the mass of the membrane at the clamping regions.

Figure (d,e) also shows the backside mask. The backside has square and rectangular
windows for etching through the silicon (step , explained below in section , and dicing
lanes (we remove the nitride from these lanes so they become defect lines in the silicon; this
is to assist in cleaving the wafer after the silicon etch and to get the crack to start). The
width of the dicing lanes is 440 um. Each window in the backside mask corresponds to a
device in the front. The dimensions of the backside window must be chosen such that the
opening at the front side, after a KOH silicon etch (see step [15] of section , matches the
dimensions of the phononic crystal window. The etch profile of silicon in KOH is shown in

figure for reference.
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Figure 3.1: Photomasks for phononic crystal membranes. (a) Front mask layout, showing
the locations and window sizes of each device (spans the 6" circular wafer, leaving a border
of at least 0.5 cm between any device and the wafer edge). Devices are separated by 7 mm.
(b) Example hexagonal lattice, showing the definition of tether length (TEL), tether width
(TEW), pad diameter (PD) and widow size (WS). Colored regions have no chrome (clear),
allowing UV light to pass through the mask. (¢) Example square lattice. (d) Backside mask:
each device has a corresponding etch window with a size chosen to match that of the frontside
window (see figure [3.2). (e) Example device showing the etch window (central rectangle),
alignment marks and device numbers (for backside alignment; a complementary set of marks
and device numbers exists on each frontside device), and dicing lanes.
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Figure 3.2: Cross-section of the wafer showing the KOH etch profile (stops at the 111 plane
with an angle 54.749) and the relative size of the back and front windows; the back window
is 1.414 x (silicon thickness) larger than the front window.

3.2 Existing process flow: unprotected front side

3.2.1 Fabrication

We first apply the process flow of reference [2]. Figure shows a detailed view of the
steps. We use a 6-inch single-crystal silicon wafer (<100> orientation) that is both polished
and coated (by Addison Engineering, Inc., using low-pressure chemical vapor deposition
(LPCVD)) with 100 nm silicon nitride on both sides?} see step one of figure [3.3] The details
of the process flow are as follows (see figure [3.3)):

1. Removing dust with a Ny gun & vapor priming using YES oven: We remove dust
from the wafer by blowing the wafer with the Ny gun. Then we apply an adhesion
promoter, hexamethyldisilazane (HMDS) to the wafer surface through a process called
vapor priming. This is done by placing the wafer vertically inside the YES Priming
Oven and running the 2 minutes priming recipe. HMDS makes a good adhesion between
the photoresist (explained next in step number [2) and the wafer surface. Once inside

the YES oven, moisture on the wafer is removed through heating the wafer (to 150 ° C)

2The quality of the 100 nm nitride films coated by Addison is good, however the 300 nm nitride films,
(we use 300 nm nitride later as we explain in the subsequent sections), exhibit more pinholes as compared
to those coated by NOVA Electronic Materials.
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in low pressure below ~ 10 Torr, which removes most of the water from the surface
(dehydration and purging Oy away from the chamber by flushing it with Ny gas, then
evacuating the chamber through a pump). Then, the chamber is further evacuated to
below ~ 1 Torr and the wafer is primed in the YES oven for two minutes such that
the surface is left with a monolayer of HMDS, which bonds well with photoresist. This
results in a dehydrated and hydrophobic surface (hydrophobic surface has big contact
angle with water molecules or equivalently does not allow water to wet the surface).
After this is done, we place the wafer vertically in a wafer container with a lid (it has
a cassette that allows placing more than one wafer vertically). Then we close the lid

until we prepare the next step.

. Front side photoresist (Laurell Spin Coater): We spin-coat the frontside of the wafer
with a “positive photoresist” (Shipley 1813). The photoresist is an organic viscous
solution (polymer) that is sensitive to light (ultraviolet (UV) in this case). When a
photoresist is exposed to UV light, the polymer reacts chemically to the light. In posi-
tive photoresist, the polymer chains break as a result of the reaction, and they become
soluble in base solutions (developers, explained in step number [5). The spin coating
technique is used to coat the wafer with the photoresist; it starts with dispensing the
photoresist in the center of the wafer and then spinning it at high speeds to spread
the photoresist and create the resist thin film using the centrifugal force. Generally
speaking, the centrifugal force competes with the photoresist surface tension and vis-
cosity; a photoresist with high surface tension tends to form balls like droplets with big
contact angle. Simultaneously, the surface energy determined by the dangling bonds
density on the wafer surface plays an important role in determining the wetting level
of the photoresist. Ultimately, the thickness of a spun photoresist film is found to scale
linearly with the viscosity and inversely as the square root of the spin speed [69, [70].
The viscosity is affected by the temperature and the solvent concentration inside the
photoresist. Further, the clean room moisture and exhaust conditions influence the
evaporation rate of the photoresist solvents across the wafer, which impacts the thick-
ness uniformity. The photoresist we apply here is 1.5 um thick; in order to obtain this

thickness, we use spin speed of 4000 rpm for 30 seconds; see table 3.1} Using these
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parameters, we measure around 0.1-0.2 ym thickness variation between the center and

the edge of the wafer. After this is done, we transfer the wafer to a hotplate.

| Step | Time (s) | Spin Speed (rpm) | Acceleration (rpm/s) |
Photoresist Spreading 5 500 1305
Photoresist Spinning 30 4000 1305
Deceleration d 0 1305

Table 3.1: Photoresist spin coating parameters (1.5 um ).
3. Soft bake: In this step we put the wafer on the hotplate at 110 ° C for one minute, with

the frontside up. This removes excessive solvents from the photoresist layer and dries

it. Once this is complete, we place the wafer in its container.
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Figure 3.3: Existing process flow: unprotected front side microfabrication process flow [2]
applied to 6" single crystal silicon wafer; the orientation of the crystal is <100>; the wafer is
polished on both sides and coated with 100 nm LPCVD silicon nitride on both sides, (note:
for steps number [f] and we recommend lower RF power; this is to avoid burning the

photoresist; see the revised process flow figure |3.6)).

4. Expose resist to ultraviolet (UV) light (EVG 620 Contact Aligner): In this step, UV
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light is used to transfer the phononic crystal pattern from the front mask (hexagons
and squares grids discussed in section and figure (a,b,c)) to the photoresist. In
general, the smallest feature that can be created with UV lithography (the resolution)
is determined by the wavelength of the writing light, the separation between the pho-
tomask and the wafer, and the dose of the UV light (illumination density) measured in
mJ/cm?. The dose we use here is 65 mJ/cm?, the reference (non-contact) separation
between mask and wafer is 50 um and the exposure is done in a hard contact mode. In
our system, achieving 2 um features is straightforward, and by properly tuning the dose
of UV and development time (steps |4|and , we can achieve «~~ 1 um. Other details that
need to be typed explicitly in the EVG recipe program are mask-holder size: 7 inch,
mask thickness: 3.06 mm, substrate thickness: 0.68 mm, process: manual frontside,
process mode: transparent, exposure mode: constant dose. After this is done, we place

the wafer again inside its container.

. Develop photoresist (MF 319): Once exposed, we immerse the wafer in a base solution
MF 319, which serves to dissolve only the photoresist that was exposed to UV light in
the previous step. In practice, we take two dishes that can accommodate the 6” wafers,
and fill one of them with MF 319 developer and the other one with deionized water (DI
water). We immerse the wafer, frontside up, inside MF 319. We start the timer and
agitate the dish by hand to make sure a fresh developer is delivered continuously to the
wafer surface for 45 seconds. When the timer is done counting, we transfer the wafer
immediately to the water bath in the other dish. We agitate for a couple of seconds (50
seconds) then grab it with the wafer tweezers and wash it under the DI water tap, then
blow dry it with dry nitrogen (N, gun). Finally, we check the newly created pattern
under the optical microscope. If the patterns look clear and well resolved, then we

place the wafer inside the container and move to the next step.

. Transfer pattern to nitride with Magnetically-Enhanced Reactive Ion Etch (MERIE
P5000): In this step we etch (remove) the nitride from the exposed areas using a plasma
that is created and accelerated by an electromagnetic field. The etching process takes

place chemically (the plasma reacts with the nitride to produce volatile byproducts),
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and physically through the ion bombardment (the energetic plasma ions remove nitride
atoms by collision). We use a mixture of Fluorine chemicals (CHF;3/CF,) and argon
(Ar); the fluorine is responsible for the chemical etching and the argon is mainly for the
ion bombardment. The etch rate depends on many factors, such as the total pressure
of the etching species and the radio frequency (RF) power. We first insert a “dummy”rf]
silicon wafer in the chamber and run O, plasma cleaning recipe, with parameters shown
in table [3.2] This is to ensure the chamber does not have other species from previous

recipes executed by other users.

‘ Parameter ‘ Value ‘
RF Power 200 W
Etch (cleaning)Time | 3 minutes
Total Pressure 50 mTorr
Gas / Flow Rate | O2 /80 scc

Table 3.2: RIE parameters to Og clean the chamber

Then, we take the Si wafer out of the chamber. Second, we insert the nitride wafer
(frontside up). We run the recipe in table . For these parameters, we find an etch
rate of 2.2 nm / second, step 6 of figure After this is done, we place the wafer in

the container again. The photoresist is kept on the front to protect it during the next

steps.
] Parameter ‘ Value ‘
RF Power 500 W
Total Pressure 30 mTorr
Etch Time 45 s

Magnetic Field 70 Gauss
Gas / Flow Rate | CHF3 / 30 scc
Gas / Flow Rate | CFy / 7 scc
Gas / Flow Rate | Ar / 70 scc

Table 3.3: RIE parameters to etch 100 nm SizNy

7. Backside photoresist (Laurell Spin Coater): We place the wafer on the spinner such
that backside is facing up. We apply step 2/ that is detailed above with the same recipe

3Dummy Si wafer is usually multi crystals orientations, known as mechanical grade wafer.
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10.

11.

12.

to coat the backside with 1.5 ym.

Backside soft bake: We transfer the wafer to the hotplate such that the backside is
facing up. We apply step 3| that is detailed above with the same recipe, step 8 of figure
.3l After this is done, we place the wafer inside the container.

Expose backside resist to ultraviolet (UV) light (EVG 620 Contact Aligner): We ap-
ply step [4. that is detailed above to pattern rectangular and square windows on the
backside. The main differences in this step are that we use another mask (the backside
mask shown in figure [3.1)(d, e)), we use the alignment marks shown in figure (e) to
align the backside mask to the frontside pattern that is created in steps [}, | and [6]
and we apply a soft contact mode to reduce the pressing force applied to the frontside

patterns. After this is completed, we place the wafer inside the container.

Develop backside photoresist (MF 319): We apply step [5| to remove the photoresist
from the rectangular and the square windows on the backside. We place the wafer in
the developing dish such that the backside is facing up. Note that since there is no fine
size feature in the backside, we can develop for a bit longer than 45 seconds. After this

is done, we place the wafer inside the container.

Transfer pattern to backside nitride with Magnetically-Enhanced Reactive Ion Etch
(MERIE P5000): We apply step [0 that is detailed above to etch the nitrite from the
rectangular and the square windows. We insert the wafer such that the backside is

facing up.

Cleave wafer using a diamond scribe: We cleave (cut) the wafer by hand into square
pieces (chips) that are 14 mm x 14 mm. We place the wafer on a clean room wipe, such
that backside is facing up. Then, using the diamond scribe (a sharp diamond pen) we
add a little vertical scratch to the edge of the wafer near the central dicing lane (from
the flat region side of the wafer). This little scratch is sufficient to initiate the cut
through the whole wafer (to two halves) using a wafer cleaving plier. Then using the

same method, we cut each half to two quarters and each quarter to 15 mm x 15 mm

chips (dicing lanes are shown in (e), figure [3.1)).
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13.

14.

15.

Strip photoresist using organic solvents: We strip (remove) the photoresist from the
two sides of the chips using acetone (an organic solvent). We immerse the chips inside
an acetone beaker and place the beaker inside a warm water bath at 40 C for 30 -
60 minutes (we agitate from time to time), then we transfer the chips (while spraying
them with isopropanol to prevent the acetone from drying and leaving a residue) to an
isopropanol (IPA, another organic solvent) beaker and immerse them to remove acetone
residues for 5 minutes. Finally, we transfer the chips to a DI water beaker for 5 minutes

and dry the chips one by one with the N5 gun.

Hydrofluoric Acid (HF) dip: We immerse the chips inside the HF that has (10 : 1 DI
Water : HF 49%) concentration to remove the native oxide from the silicon windows.
In practice, we install the chips in a Polytetrafluoroethylene (PTFE) holder and dip
the whole assembly vertically into HF for 1 minute. Next, we transfer the holder with
chips from HF to a DI water beaker for a couple of seconds then we transfer them
to a second DI water beaker to make sure we removed all HF from the chips and the
holder. PTFE is a highly resistive material to all corrosive acids and basis even at
high temperatures (up to 300 ° C). This holder is especially designed [2] to keep the
chips vertically still during the subsequent manipulation, especially when the phononic
crystal membranes are released. We keep the holder with the chips inside the water

beaker until we prepare the next step.

Etch silicon using Potassium Hydroxide (KOH): The KOH is a base solution used to
etch silicon through a chemical reaction. The etch rate depends on the concentration of
the KOH, the crystalline orientation of the silicon and the temperature of the solution.
It is anisotropic etching that results in an undercutting (see figure Where the under-
cut is shown in (a) and (b)). Since the chips are already inside the water beaker from
the previous step, we transfer them with the holder to a beaker of 45% KOH (we make
sure all chips are well immersed), then we place the chips with the KOH beaker on the
hotplate, and heat the solution to «~ 60 ° C. The etch rate of the <100> crystal plane
at 60 °C is «~» 18 um / hour, so after around 19 hours the phononic crystal membranes

are released.
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16. Final cleaning: When the membranes are fully released in KOH, we dilute the KOH
with DI water and a syringe, until the solution becomes clear and the KOH concentra-
tion is less than 1%. We transfer the holder with the chips from the water to HF for
10 minutes. The HF etches the nitride at an etch rate of «~~ 1 nm / minute and hence
it removes the outermost layers from the surface of the released membranes, resulting
in clean devices. Then we transfer the holder with the chips to two DI water beakers
successively to remove all remaining HF as we do in step [I4] After that we transfer
the holder and the chips to methanol (an organic solvent) beaker. Methanol reduces
the surface tension the membranes experience when they dry and evaporates quickly
without leaving a residue. Finally, we transfer the chips one by one using the tweezers
to the hotplate such that the frontside is facing up at 85" C to dry. The drying process
happens in a “flash”, leaving a very clean surface. Critical point drying is also a viable

solution, but in practice this produced significantly dirtier devices in our system.

When fabricating individual trampoline structures [2], the yield can exceed 90%. However,
with these more complicated structures, the yield is below 15%. For example, two devices
out of 24 have survived in the first trial, and no devices have survived in the second one.
Figure [3.4] shows the two survived devices and two examples of the broken ones. We observe
that devices with relatively small number of pads, big pads radii and long tethers survive
more than those having many pads and short tethers, consistent with observed trends for
trampolines [2]. We suspect that this low yield is a result of the penetration of the Hy gas
bubbles (generated inside KOH during the silicon wet etching) through the frontside of the
structure. In figure 3.5 we show schematically our vision on how they might be breaking
inside KOH solution. Presumably, the pressure exerted by the expanding bubbles and the

surface tension provides sufficient force to crack these delicate structures.
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Figure 3.4: Suspended SizN4 phononic crystal membranes, 100 nm thick. We produced
these devices by applying the existing process (unprotected front side) explained in figure
[2]. (a) and (b) show the first two survived devices with the following device parameters,
respectively, (64 um pad diameter, 1.5 um tether width, 200 ym tether length, 2750 um
front window size, and 36 pads) and (64 pm pad diameter, 1.5 um tether width, 350 pm
tether length, 2300 ym front window size, and 16 pads). (c¢) and (d) show two examples of
broken devices with the following device parameters respectively, (16 ym pad diameter, 1.5
um tether width, 50 um tether length, 2750 um front window size, and 1404 pads) and (16
um pad diameter, 1 ym tether width, 50 um tether length, 2750 ym front window size, and
1258 pads).
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Figure 3.5: Hydrogen (Hy) bubbles in KOH solution. (right) A schematic view of a patterned
device that is placed inside hot KOH; it shows how bubbles penetration from the front can
break the structure and (left) a picture of the chips placed in the PTFE holder inside hot
KOH solution; it shows the real Hy bubbles everywhere.

However, to improve the yield, we have attempted the same process flow but with 300
nm LPCVD (thick) nitride wafers that is both polished and coated (by NOVA Electronic
Materials) on the two sides. The schematic details are in figure All photolithography
and etching parameters have been re-optimized for this 300 nm nitride thickness. Besides

that we have implemented some extra steps:

e We use 2.0 um photoresist thick and hence we increase the UV light dose to 80 mJ /
cm? and the development time to 55 s; see table for the recipe details.
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Step | Time (s) | Spin Speed (rpm) | Acceleration (rpm/s) |

Photoresist Spreading 5 500 1305
Photoresist Spinning 30 2000 1305
Deceleration D 0 1305

Table 3.4: Photoresist spin coating parameters (2.0 ym ).

e We use lower RF power (100 W instead of 500 W) during the nitride etch. We think
low RF power is a better choice as compared to the 500 W we have used in the previous
process flow. This reduces the energy of the impinging ions, the temperature of the
resist, and its tendency to burn, making it easier to remove. Table 3.5 shows the RIE

parameters in details, which result in an etch rate of 0.25 nm / second.

e We do this slowly (20 minutes) etching in a piecewise fashion: we divide the etch time
into three segments (10 minutes, 5 minutes, 5 minutes), with a ~ 2 minutes rest in
between, allowing the wafer to cool down, thereby further reducing the probability of

burning the photoresist. See table 3.5

‘ Parameter ‘ Value ‘

RF Power 100 W

Total Pressure 30 mTorr
Etch Time 20 minutes = (10 + 5 + 5 minutes)

Magnetic Field 70 Gauss

Gas / Flow Rate CHF5 / 30 scc

Gas / Flow Rate CH, / 7 sce

Gas / Flow Rate Ar / 70 scc

Table 3.5: RIE parameters to etch 100 nm SizNy.
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Figure 3.6: Slightly modified microfabrication process flow applied to 6" single crystal silicon
wafer; the orientation of the crystal is <100>; the wafer is polished from the two sides and

coated with 300 nm LPCVD silicon nitride on both sides.
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e We added one more step to the process, which is coating the front side with a 2 um
photoresist after the front RIE step to enhance the protection of the patterned devices
in the front side as we complete the process of the backside patterning. We use the

recipe in table [3.4], step 7 of figure [3.6

e We started to use a clean dummy silicon wafer on the hotplate we use to soft bake the
photoresist in steps 3, 8, and 10 of figure We make sure the silicon wafer has been
heated for enough time to reach the required temperature, 110 ° C. We place the nitride
wafers on top of this clean one to make sure our wafer does not grab dirt or residues

from the hotplate.

e We started to cleave the chips into 35 mm x 35 mm squares instead of 14 mm x 14 mm.
We found that this increases the yield of the devices located at the center of the chip
as compared to the devices located near the chip edges. We suspect that this might be
due to the fact that when we cleave the wafer into small chips by hand, we might be
introducing fractures into this high stress thin film, this might affect the survival rate
of the devices that are close to the chip edges. Furthermore, devices that are close to
the chip edges have higher probabilities of being damaged by the tweezers; see step 14
of figure [3.6]

e We use “Nanostrip” sometimes, (this is a chemical solution that is composed of sulfuric
acid (HySOy4, 90%), peroxymonsulfuric acid (HySOj5, 5%), hydrogen peroxide(< 10%)
and water (H20, 5%)), to strip the leftover photoresist residues after organic solvents.
In practice, we immerse chips with the holder in Nanostrip and heat it on a hotplate
until it reaches 90°C. We leave them for 30 minutes at 90°C. Then we transfer the
assembly to two beakers of fresh DI water successively to remove all residues. We
repeat this step until there is no evidence of remaining resist when viewed under an

optical microscope.

e As we buy these wafers from different vendors, we have no control over the nitride
film quality, for example the pinholes density. As pointed out earlier, we found fewer

pinholes in the wafers coated by NOVA Electronic Materials as compared to those
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coated by Addison Engineering, Inc. We also started to handle the chips more carefully,
so as to minimize the introduction of additional fractures in the nitride: we eliminated
or minimized sonication whenever possible, and avoided letting the wafers tap hard
surfaces such as the sides of dishes. We found some (somewhat unconvincing) evidence

that sonication in particular increased pinhole density in thicker high-stress nitride.

After KOH etching, when the chips are released, we stopped diluting the KOH and
started to wash samples by the direct transfer from KOH solution to DI water. Practi-
cally, we transfer the chips with the holder to a beaker of DI water and immerse them
completely for a couple of seconds («~1 minute), then we transfer the assembly to an-
other beaker with fresh DI water (second time) and leave them there until we prepare

the HF beaker; see step 18, figure [3.6]

Otherwise, the remaining steps, HF cleaning and methanol-hotplate drying have been

kept the same as in [2] and as mentioned earlier in this section.
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Figure 3.7: Suspended Si3N, phononic crystal membranes, 300 nm thick. We produced these
devices by applying the slightly modified microfabrication process flow explained in figure
3.6, (a) has the following parameters: 64 um pad diameter, 5 ym tether width, 144 um
tether length, 1400 ym front window size, and 30 pads. Note the difference in SisNy color
between the 300 nm suspended membrane and the 300 nm thin film on silicon. (b) has the
following parameters: 64 ym pad diameter, 5 ym tether width, 300 ym tether length, 2150
um front window size, and 16 pads. (c) has the following parameters: 64 ym pad diameter,
tether width 5 um, 144 um tether length, 2400 um front window size, and 121 pads. (d) has
the following parameters: 64 ym pad diameter, 3 ym tether width, 250 ym tether length,
4500 ym front window size, and 196 pads. (e) has the following parameters: 128 ym pad
diameter, 1 ym tether width, 350 ym tether length, 4500 um front window size, and 81 pads.
(f) has the following parameters: 64 pm pad diameter, 5 ym tether width, 125 ym tether
length, 4400 ym front window size, and 400 pads. (g) has the following parameters: 64 um
pad diameter, 5 um tether width, 185 um tether length, 4500 um front window size, and 256
pads. (h) has the following parameters: 128 ym pad diameter, lum tether width, 500 ym
tether length, 3800 pm front window size, and 36 pads. (i) has the following parameters: 128
um pad diameter, 1.5 ym tether width, 450 ym tether length, 3880 um front window size, and
36 pads. (j) has the following parameters: 64 um pad diameter, 3 ym tether width, 350 um
tether length, 4200 um front window size, and 100 pads. (k) has the following parameters:
64 um pad diameter, 3 ym tether width, 170 um tether length, 2400 ym front window size,
and 49 pads.
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3.2.2 Device yield and discussion

As a consequence of using thicker nitride, re-coating the patterned front side, careful handling
and bigger size chips, the yield has increased to around 30%, and devices with up to 400 and
256 (relatively big pads) made it all the way to the end. Figure (a)-(k) shows images
of some of the surviving devices and figure shows a three dimensional space of survived
and broken devices of both geometries (hexagons and squares) as a function of PD (pad
diameter), TEL (tether length) and total number of pads.

Ultimately, this fabrication technique can be used to produce clean, large, and delicate
devices, but we now wish to maximize the yield for devices of all dimensions. And as men-
tioned earlier, we suspect the main reason why they break is the aggressive penetration of
the Hy bubbles inside the hot KOH solution, so we now apply a method that protects the
frontside of the devices inside KOH etching and only allows etching to take place from the
backside.
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Figure 3.8: The yield of the modified microfabrication process flow shown in figure (3.6
Three-dimensional space map that shows the survived (circles) and broken (crosses) devices
as a function of the PD, TEL and the total number of pads; the map has considered hexagons
and squares together.
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3.3 Front-side protection with partially etched silicon ni-
tride

Our first method of protecting the front side from KOH is to not etch the 300 nm SizNy
from the nitride openings (colored areas in the mask, shown in figure of the frontside
completely; instead, we leave a thinner layer of approximately 200 nm. This layer serves
as a mask for the frontside; it prevents H, bubbles from penetrating through the frontside
during KOH etching. We then perform the final release in BHF (Buffered Hydrofluoric
Acid)ﬁ BHF etches SizNy isotropically (note that SizNy is an amorphous material; it does
not have long range order) at an etch rate (ER) of ~0.62 nm / minute (room temperature).
Most importantly, the chemical reaction of BHF with nitride does not produce gases, which
means that the phononic crystal structures are released in a bubbling free solution. Note
that no devices survived this process (the devices all break during the final HF release), but
we include the details here in hopes that someone sees a pathway forward with this simple
technique.

The first steps are to calibrate RIE parameters, find the etch rate, and find what limits
the uniformity we can achieve. Following the steps from [1] to [5| of figure [3.3] we start with
a 6" single-crystal silicon wafer (<100> orientation, polished from one side and coated by
Addison Engineering, Inc.with 100 nm LPCVD silicon nitride on both sides) and use the
backside mask (shown in figure|3.1/(d)) to create a set of unpatterned rectangular and square
windows, with a wide range of dimensions on the polished side; see figure (a). We then
cleave the wafer into different chips sizes to test RIE parameters. We use the small chips, for
example, to calibrate the RF power and the etching time. Then we measure the thickness of
the remaining nitride using a spectroscopic ellipsometer to calculate the etch ratdﬂ, ﬁ The

local nitride thickness is written (in nm) explicitly at each location on the chip as shown

4HF (10.0 : 1.0 DI water : HF 49%) can be used as well, but at that time our clean room has stopped
supplying it

5We have etched many small chips for this purpose and constructed a kind of a chart for the nitride
thickness on silicon. We found that it is consistent with the charts in literature [71]

8The spectroscopic ellipsometer is a thin film characterization tool. It is based on measuring the reflectance
(or transmittance) and the polarization change of a laser beam, that is directed at a non-normal incidence,
after it is reflected from a surface of a thin film or transmitted through it. It measures, for example, the
refractive index, the roughness and the thickness of thin films.
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in figure [3.90 We also test the etching uniformity by measuring the etch rate at different
locations within the single window and across the chip; see (b, c), figure . We find an
etch rate of ~ 0.23 nm / second, at the chip center, when applying RF power of 100 W,
total pressure of 30 mTorr, (CHF3 (30 sccm), CFy (7 sccm), Ar (70 scem)), and etch times
between 121 and 320 seconds; for the recipes details; see figure [3.9] (a)-(c).

67



(@) Etch test on Chips

(1) 6" double sided polished silicon wafer
Si thickness: 670 um, Orientation <100> 100 nm SiN on
Coated with 100 nm LPCVD SiN on both
sides
Following the process flow in Fig 3.3
(until step 5), we create this test wafer,
using the backside mask
shown in (d) of figure 3.1

(2) Cleave the wafer to small chips
Fix the chip in the center of a clean
carrier silicon (dummy)
wafer, using wax

(3) Insert another dummy Si wafer
in the RIE machine
Run the O2 clean recipe (5 minutes) 3
Insert the Si carrier wafer with the chip g 14 mm x 14 mm chip
Run the nitride etching recipe below "

Parameters Value
RF Power 100w Si carrier wafer

Total Pressure 30 mTorr

Etch time Shown below each chip
Magnatic Field 70 Gauss
Gas/Flow rate CHF3/30 sccm
Gas/Flow rate CF,/7 sccm
Gas/Flow rate Ar/70 sccm

(b) Sma i Local nitride thickness in nm m
" s Img

13 18 S

36 30 &

@

o)

3010 -

23 18 <

(o)

/ Ie)

217 s 300 s o

Etch time increases in this direction ) %

Lgcal nitride thickness in nm ,1

) m
(C) Larger Chips =
o

N

w

35

3

s

n

Etch time 285 s Etch time 320 s

Figure 3.9: Etch rate and uniformity of small chips. (a) A brief description of the process
steps we use to make the etch test on small chips: (1) A test wafer shows the square and
rectangular SizN, windows after development; we produce it using the process flow in figure
3.3 steps [ to 5] (2) We cleave the wafer into small chips using the same side (we created)
that has the dicing lanes. (3) We mount the chip on a dummy Si wafer and run the recipes
(Oq clean, table nitride etch, shown above in the figure). (b)/(c) Small chips / big chips
showing the thickness of the nitride at different locations (original nitride thickness is 100
nm) and the etch time used for each chip. Note that the etching uniformity improves in
bigger chips. We measure the thickness using the spectroscopic Ellipsometer.
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As shown in figure [3.9] when we etch small chips, the etch rate increases radially, from
the center of the chip towards the edges; note the small nitride thickness close to the chip
edges as compared to the center. More notably, we find that the etching uniformity of the
central region of the chip improves as the chip area increases. For example, one can compare
the nitride thickness in the windows in (c) versus (b), figure while there is at least 10 nm
change in the thickness in the single window in the case of 14 mm x 14 mm chips, (a), we do
not see this thickness change within the single window in the chips shown in (c). Also, the
big chip (49 mm wide) in (c¢) has almost 10 windows that have very close nitride thickness
as compared to only two windows with close thickness in the smaller chip (28 mm wide).

Therefore, this result has motivated us to test the etching uniformity across the full
6" wafer. To do this, we follow the steps from 1 to 5 of figure We start with a 6"
single-crystal silicon wafer (<100> orientation, polished from one side and coated by NOVA
Electronic Materials with 300 nm LPCVD silicon nitride on both sides ) and use the frontside
mask (shown in figure 3.1| (a)) to create the phononic crystal structures on the polished side.
Then we apply the RIE recipes shown in (a) and (b) of figure [3.10] The recipe in (a) results in
a nonuniform etching, i.e., ~ 40% variation in etch rate across the wafer. However, the recipe
in (b) results in a uniform etching, i.e., ~ 20% variation in etch rate across the wafer. This
could in principle be improved further, but it is already sufficient for our purposes; ignoring
outliers, there will be many devices having an etch rate within +/- 5% of our targeted etch
rate. Note also that when we have the phononic crystal structures, which is partially etched
on the the frontside, we can only measure the nitride thickness in the devices openings that
are bigger than the reflectometer laser spot size. For other devices, where the openings are
smaller than the laser spot size, we can estimate the nitride thickness from the color we
see under the optical microscope by comparing it to the color chart [71] we have produced
before when we did the RIE calibration on many small chips (provided that we keep the
optical microscope at the same settings every time we compare the nitride thickness with the
reference chart)[} Note that, the recipes in (a) and (b) employ the same RIE parameters such
as, the RF power (50 W) and the pressure (30 mTorr); they only vary in the etching time.

"We will use this chart thickness trick later to estimate the nitride thickness and hence the HF time needed
to release the structure.
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When the etching time in (figure (a)) drops by ~ 70 %, keeping all other parameters the
same, the etch rate decreases (as expected) and more surprisingly the uniformity improves;
see (figure (b)). This suggests that RIE in general is a quite complicated process and

that we are fortunate to find these parameters in one of the RIE runs we have attempted.
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(a)

Parameters Value
RF Power 50w
Total Pressure 30 mTorr

Etch time

333 seconds

Magnatic Field 70 Gauss
Gas/Flow rate CHF3/30 sccm
Gas/Flow rate CF4/7 sccm
Gas/Flow rate Ar/70 sccm

(b)

Parameters Value

RF Power 50W
Total Pressure 30 mTorr

Etch time 93 seconds
Magnatic Field 70 Gauss
Gas/Flow rate CHF3/30 sccm
Gas/Flow rate CF,/7 sccm
Gas/Flow rate Ar/70 sccm

g

Comparatively uniform etching

'Nonuniform etching

Location ~ [Nitride \[" Location ~ [Nitride Location ~ [Nitride Location NiFy
khickness ( khickness (nm thickness (nm thigkness (nm)

1 166.8 11 141.45 1 250 7 245.46
2 152.38 12 201 2 248.5 8 % 244.38
3 139.62 13 197.25 3 247.58 9 258.7
4 205 14 192.85 4 253 10 257.21
5 201 15 186.05 5 251 11 241.8
6 197.8 16 176.4 6 248.29
7 191.52 17 164.22
8 184 18 148.89
9 172.3 19 131.34
10 158.59

Figure 3.10: Etch rate and uniformity of full wafers. We use 6" single sided polished silicon
wafers, Si thickness: 670 um, orientation <100>, coated with 300 nm LPCVD SiN on both
sides. By following the process flow in figure (until step 5), we create these wafers using
the frontside mask, shown in figure (a). Then, we run the Oy clean recipe, table
Next, we run the nitride etching recipes (a, b), shown above in the figure, for each wafer,
respectively. The etching parameters resulted in (a) a nonuniform / (b) a comparatively
uniform etching across the wafers. The tables show the nitride thickness in the nitride
openings of different devices (highlighted with black squares). The dimensions of the nitride
openings of the other devices are smaller than the spot size of the laser beam used in the
reflectometer (the reflectometer is another thin film characterization tool. It is based on
measuring the reflectance of the laser light, that is directed at a normal incidence, after it is
reflected from the surface of a thin film. It can also measure the optical properties such as
the refractive index and the thickness of thin films), so we could not measure them, but the
colors provide an approximate estimate of thickness, implying that the selected measurement
points are representative of the variations across the wafer.

At this point, we can carry on the process flow of figure . We proceed from step (7)
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all the way to step (15) with the same protocol we discussed formerly in detail in . For
example, we show in figure m (a), a chip after cleaving and photoresist stripping (before
BHF dip). The zoom in shows an optical microscope image of one of the devices under
maximum illumination; the device parameters are pad diameter: 64 um, tether width: 3 ym,
tether length: 150 um, front window size: 2400 ym, and total number of pads: 330. The
structured nitride, in the shape of the phononic crystal, on silicon (dark pink color, which
is the same as the chip) is 300 nm thick, the nitride openings on silicon (yellow color) are
~ 250 nm. We then dip the chip (already installed in the PTFE holder) in BHF, step (16)
figure to remove the native oxide for 5 minutes. As a result, the structured nitride (the
nitride on chip) thickness and the thickness of the nitride in the device opening are reduced
by ~ 3 nm. If the etch rate of nitride in BHF is 0.62 nm / minute, then we need ~ 3.3 hours
(3 hours and 18 minutes) of BHF etching (to remove the nitride in the openings) and will
end up with phononic crystal membranes that are ~ 50 nm thick. We move now to step 17,

figure [3.11
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(1) SNy Frontside (10) Solvent evaporation
si HMDS vapor priming for 2 minutes

Soft baking on the hotplate:

Photoresist spin coating
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110°C for 60 s
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Photoresist spin coating
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see step 2 above)
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- UV lithography:
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(12)

Development:
MF319 for 55 s

(13)

Plasma etching

(RIE):

recipe:step 6, figure 3.6:
100 W, 20 minutes

(14)Wafer cleaving:
35 mm x 35 mm chips
28 mm x 49 mm chips

(15) e I Sy PHOYOTESISE
stripping:

Organic solvents
" Nanostrip

(16)HF dip for 1 minute

(17) B e S e I KOH etching:
(45 % KOH)
e at 60°C

(18) ] [ ]
BHF release

(19)Final cleaning and drying

Figure 3.11: Partial etching microfabrication process flow.



At step 17, we etch the silicon in KOH, which now can only attack from the backside;
this will double the etching time, as expected. We found it takes ~ 46.5 hours to remove
670 um of silicon at 56 * C, which means the etch rate of silicon at this temperature is ~ 14.5
pum / hour. After all silicon is removed, we transfer the chips with the PTFE holder to a
beaker of DI water, then again we transfer them to another beaker of DI water, to clean the
chips of KOH. Figure (b) shows the chip after 46.5 hours of KOH. The zoom in pictures
have been taken with the optical microscope and they show the nitride thickness at different
locations. We verify the thickness of the nitride on chip (297 nm) using the reflectometer
after KOH; see the zoom in picture of the corner. Note that the left side of the chip is etched
more than desired and there are many pinholes, this might have resulted in KOH attacking
the windows that are close to the chip edge. Despite the careful handling we have applied
to this partial etching run, the density of pinholes in the unpolished backside of this wafer is
relatively high as compared to the polished side. Also if a pinhole forms in a device window
frame, it can result in a weird irregular window shape as shown in the zoom in of the backside
in figure (b). Next, at step 18, we transfer the chips with the holder to a beaker of BHF,
we make sure all chips are well immersed. We leave them inside BHF for the time needed
to remove the nitride from the openings and release the structure. According to the rough
estimates we have shown previously, we need around 3 hours and 18 minutes to release the
structure. Figure m (¢), shows the evolution of the device after successive dips in BHF;
after 78.5 minutes, after 1.8 hours and then after 2.3 hours. The measured nitride thickness
on the chip is consistent with what we expect each time, but all devices break when they are
close to being released. Note each time we want to measure the thickness of the nitride and
take a picture of the device (at each BHF stage), we transfer the chips to DI water beaker two
times to rinse the acid completely. Then we transfer the chips to methanol and the hotplate

to dry at 85° C. We then measure the nitride thickness on the chip with the reflectometer.
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(a) PR 0N - = :
S | 260 nm Si3N, on Si
- o ‘(nitride openings)

B ‘ 300 nm ii3N4 on Si

K
Device parameters: pad diameter: 64 pm,
tether width: 3 pm, tether length: 150 pm,
front window size: 2400 um,
total number of pads: 330

(b)
This side is
over-etche:
Zoom in, the centerl Zoom in, a single pad
297
Zoom in, the corne
(c)

Suspended Si3N, structure

Suspended Si3Ny4 structure
197 nm |

157 nm \
/X
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Figure 3.12: The progression of an example device until HF release. (a) The chip and the
device after the photoresist stripping, step 15 of figure [3.11] Since the nitride openings are
smaller than the spot size of the reflectometer laser, we estimate the thickness of the nitride
from the color chart of the nitride on Si. (b) The chip and the device after HF dip (5 minutes)
and KOH etching (47 hours), steps 16 and 17, figure Over-etched side is likely due to
the pinholes we observe in the unpolished side. (c) The device after successive dips in HF,
step 18, figure 3.11] After each dip we transfer the chip to DI water, Methanol and hotplate,
step 19, figure |3.11

We suspect (without convincing evidence) that the devices all break due to the sudden

redistribution of stress when the HF cuts its first hole in the structure. This would be
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in contrast with fully etched nitride structures, wherein silicon pedestals provide structural
support under each pad until just before release; releasing one pad at a time in this case
likely produces a comparatively small changes in displacement and stress due to relaxation.

It may also be that we simply need to optimize this process further. The targeted devices
could be thicker (e.g. 150 nm instead of 50 nm), we could use wafers polished on both sides
to avoid backside pinholes, and we could “get lucky”, finding a wafer with fewer pinholes.
However, in parallel with this effort, we also developed another front-side protection technique

that immediately yielded positive results, as will be discussed in the following sections.

3.4 SiO; ProTEK protective coating

In this section, we demonstrate a successful method of protecting the front side (during
KOH etching) that allows for higher-yield fabrication spanning most device geometries. The
concept is that after patterning the front and backsides of the wafer, we coat the front
side with two layers, SiOq (oxide deposited on the nitride) and ProTEK (a robust polymer
deposited on the oxide) prior to placing them inside KOH solution. ProTEK is the main
shielding layer; however, since it is difficult to remove (often leaving residues), we use an
oxide layer to prevent the polymer from adhering heavily to the nitride (the device surface).
We assume the oxide might operate as a lifting off layer for the polymer, thus we reduce
surface contamination in the final result. In section [3.4.1] we discuss the process flow, and

in section we discuss the device yield and future directions.

3.4.1 Fabrication

The details of the process flow is laid out in figure we may view this process flow as two
parts:

Part 1

We start with the HMDS priming of a 6-inch single-crystal silicon wafer (<100> orientation)
that is both polished and coated (by NOVA Electronic Materials) with 300 nm low-pressure

chemical vapor deposition (LPCVD) silicon nitride on both sides. We follow the same recipe
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and protocol we presented in step [1] of figure Then we follow through all the steps of
figure [3.13| until step 10 at which point both the front and back nitride has been patterned and
fully etched. For all these steps, we employ the same corresponding recipes and protocols we
previously explained in details in figure [3.6] section The new steps begin at step number
11 of figure [3.13] which we discuss in details in part II.
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Figure 3.13: SiOy/ ProTEK protecting mask process flow
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Part II

Below are the details of the remaining steps 11-19 of figure [3.13}

11.

12.

Strip the photoresist from the entire wafer using organic solvents and acidic so-
lution: We strip the photoresist from the two sides of the wafer using acetone.
In practice, we immerse the wafer inside an acetone beaker and place the beaker
inside a warm water bath at 40 ° C for 30 - 60 minutes (we agitate gently); then
we transfer the wafer to IPA beaker and immerse it to remove acetone residues.
Finally, we transfer the wafer to a DI water beaker and dry the wafer with the Ny
gun. We inspect the wafer under the optical microscope. If there are photoresist
residues, we immerse the wafer inside a beaker of Nanostrip and heat the solution
(with the wafer) on a hotplate until it reaches 90 ° C; we leave it for 30 minutes.
After 30 minutes, we switch off the hotplate and allow the wafer with the solution
to cool down for a couple of minutes; then we transfer the wafer to a beaker full
of DI water for 1 minute. After that, we transfer the wafer again to another DI

water beaker. Next, we place the wafer in the 6 inch wafer’s spin dryerﬂ

Deposit silicon dioxide (SiOq) using plasma enhanced chemical vapor deposition
(PECVD) on the frontside of the entire wafer: PECVD is a chemical vapor depo-
sition that utilizes plasma to deposit solid thin films from gaseous species [69, [72].
When the gas species flow inside the deposition chamber, the RF power is trig-
gered to create the plasma. The resulting energetic electrons also ionize more
atoms and create more energetic radicals, that react to form the thin film on the
substrate. The energetic plasma provides the necessary heat needed for the chem-
ical reactions to take place, hence alleviating the need to incorporate an additional
heating element. Generally speaking, this makes the deposition temperature in
PECVD relatively low, in the range between 200 ° C and 400 ° C. PECVD SiO,
thin films are commonly used in semiconductor industry [69, [72]. Since they
are deposited at low temperatures, they can be safely applied to integrated cir-

cuits for different purposes and used for example as insulating layers. However,

8The spin dryer is a machine that washes 6 inch wafers with water and dry them using the centrifugal
force (through spinning) and N2 gas. Wafers are installed in the 6 inch wafer cassette of the machine
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these films tend to have many pinholes as compared to the films deposited at

higher temperatures, but the pinholes density can be decreased by increasing the

thickness and / or deposition temperature. SiO, thin film characteristics such as

the deposition rate, the uniformity and the stress (oxide layers have compressive

stress when deposited on top of silicon substrates) are controlled in a complicated

manner by all deposition parameters such as the gas flow rates, the RF power,

the total pressure, the temperature [69, [72]. We make this SiO, deposition as

follows:

()

First, we run a chamber cleaning recipe that consists of three steps,
cleaning (shown in table|3.6)), pumping for 60 seconds and Ny purging

for 60 seconds. We do this without any wafer in the chamber.

‘ Parameter ‘ Value ‘
RF Power 700 W
Total Pressure 5 Torr
Pumping time 120 seconds
Temperature 300 °C
Gas / Flow Rate | CFy / 680 scc
Gas / Flow Rate | NyO / 320 scc

Table 3.6: Pre-oxide deposition chamber cleaning recipe

Second, we insert the wafer frontside up into the deposition chamber;

then we run the recipe shown in table [3.7]

‘ Parameter ‘ Value ‘
RF Power 125 W
Total Pressure 2.8 Torr
Deposition Time 75 seconds
Temperature 300 °C
Gas / Flow Rate | SiHy / 60 scc
Gas / Flow Rate | NoO / 1200 scc

Table 3.7: Oxide deposition recipe

Third, we run the cleaning recipe of the first step again to leave the

chamber clean for the next user. Under these conditions, we found
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13.

14.

15.

a deposition rate of 7.5 nm / second (which resulted in «~550 nm

of Si03). We preferred to start with a relatively thick oxide film to

reduce the probability of having high pinholes density. The deposition

rate nonuniformity from the center of the wafer to its edge is in the

range (1-4 %). In figure [3.14[a) , we show the full wafer after SiO

deposition, the numbers show the local deposition rate across the

wafer, we use the reflectometer to measure the thickness.

Cleave the wafer: We apply the same procedure as in step [12], section to cut

the wafer into 35 mm x 35 mm and / or 35 mm x 28 mm chips.

Clean chips after cleaving: We clean the chips from the dust created during the

cleaving step, to apply ProTEK on a clean surface. We immerse them and agitate

for 3-5 minutes in acetone, then IPA, then DI water. Finally, we dry them with

Ny gun.

Coat chips with ProTEK: In this step, we coat the chips frontside with ProTEK

PSB. ProTEK is a polymer coating used as a protecting mask for integrated

circuits during silicon etching [73]. ProTEK coating takes place in two steps:

(a) Coat chips with ProTEK PSB primer: This is an adhesion promoter

that is especially designed for ProTEK coating [73]:

1. ProTEK primer coating: We first place the chip in Laurell spin

coater (frontside up). We cover from 3 to 3 of the chip with
the primer and run the spin coating recipe with the parameters

shown in table 3.8

Step | Time (s) | Spin Speed (rpm) | Acceleration (rpm/s) |
Spreading D 500 5220
Spinning 60 1000 5220

Deceleration D 0 5220

Table 3.8: ProTEK primer spin coating recipe

2. First baking: Then we bake the primer on the hot plate for 60

seconds at 110° C.
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3. Second baking: After that, we bake it for 5 minutes at 220 ° C.

4. PGMEA wash: we wash the chip frontside very well with a PG-
MEA solution’} We do this in two steps:

e First, we hold the chip with the tweezers from one of its cor-
ners; then we spray the frontside for 30-45 seconds with the
PGMEA solution. We make sure no PGMEA on the backside
of the chip by blowing the backside with the Ny gun[]

e Second, we place the chip on Laurell coater (frontside up)

and cover it again (from 3 to 1 of the chip) with PGMEA;

we spin dry it in Laurell using spin speed of 2000 rpm and
acceleration of 1305 rpm / second for 45 seconds, table [3.9]

| Time (s) | Spin Speed (rpm) | Acceleration (rpm/s) |

5 500 1305
45 2000 1305
3 0 1305

Table 3.9: PGMEA spin drying recipe

(b) Coat chips with ProTEK PSB protective coating:

1. The chip is already installed in Laurell from the previous step, so we cover

it (from 3 to ) with ProTEK PSB protective coating and spin it at spin

speed of 1500 rpm and acceleration of 5220 rpm / second for 60 seconds
(table [3.10)). The thickness of the ProTEK we measure in the profilometer

Is v~ 3.5 pum.
| Step | Time (s) | Spin Speed (rpm) | Acceleration (rpm/s) |
Spreading 5 500 5220
Spinning 60 1500 5220
Deceleration d 0 5220

Table 3.10: ProTEK PSB spin coating recipe

9PGMEA is an organic chemical solution, known also as SU-8 developer, it is composed of 1-methoxy-2
propanol acetate, 98-100% and 2 methoxy-1-propanol acetate, 0-2%. We put this solution in a lab washing
bottle to simplify the chips washing process (the spraying).

10This is to make sure the backside is dry before placing the chip on Laurell vacuum chuck again
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2. After that we bake it on the hotplate for 2 minutes at 110" C.

16. Etch silicon in KOH: We load the chips into the PTFE holder; then we immerse
them inside KOH 45%. We switch on the hotplate and heat the solution to 55-
60 ° C; we leave them in KOH around 56-60 hours, until all the silicon is removed
(they become transparent). Then we switch off the hotplate and transfer the
holder with the chips to a beaker of DI water; we leave them for 2-3 minutes;
then we transfer them to another DI water beaker. We leave them there until we

prepare the next step.
17. Strip ProTEK in Nanostrip:

(a) We transfer the chips with the holder to a beaker full of Nanostrip
solution. We make sure the chips are well immersed. Then we transfer

the beaker to the hotplate.

(b) We heat the Nanostrip to around 90 ° C; we leave them inside for

around 30 minutes] (until the Nanostrip solution becomes clear).

(c) Then we remove the Nanostrip beaker carefully from the hotplate to
cool down. After 3-5 minutes we transfer the chips with the holder
to a beaker of DI water. We leave them for a minute, and then again
transfer the chips with the holder to another DI water and immerse

them inside the water for a couple of seconds (dipping for few seconds

while holding the holder).

(d) We transfer them to the BHF solution making sure they are well
immersed.
18. Strip SiO, in BHF: We leave the chips with the holder in BHF for 3 minutes;

then we transfer the holder with the chips to a beaker of DI water for 30 seconds;
then to another DI water beaker where we leave them until we prepare the next

step.

"During this time, we start preparing the BHF step; we fill a beaker with BHF and other two beakers
with DI water
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19. Dry the devices: We transfer the holder with the chips to a beaker of methanol;
we leave them for 30 seconds before we start transferring them to the hotplate.
We use the tweezers to grab one chip at a time. We place it on the hotplate at

85 ° C (frontside up); we wait until all the solvent evaporates (10’s of seconds).

Figure [3.14] shows images of the wafer and an example chip at various stages of fabrication
from step 12 to 16. We show in (a) the full wafer after SiOy deposition, which is step 12
of figure The deposition rate is relatively uniform across the wafer, with ~ & 3 %
variation. Then we show the chip after primer and ProTEK coatings, (b, ¢) respectively.
ProTEK thickness is ~ 3.5 ym with ~ 2 % thickness variation across the chip. In (d) we
show the chip after KOH. Note how the devices windows become transparent as all the silicon
has been etched away and the chip edges become irregular in shape due to the Si etching at
the chip borders, probably causing ProTEK to peel off at the edges. Then, in (e) we show
zoom in pictures of some devices after KOH, these represent the different scenarios we have
observed. For example, (i) shows an example where the ProTEK and the device are severely
broken; it is mainly broken from the center as if the ProTEK layer has buckled. (ii) shows
a broken device only at the tethers region. In (iii) the ProTEK is slightly detached but the
device is fine. And in (iv) the ProTEK is not buckled ; it looks smooth and well attached to
the device. Finally, in (v) the ProTEK is broken and detached from the device however, the

device survives.
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Figure 3.14: The progression of an example chip and its devices from step 12 to 16 of figure
3.13] (a) The wafer after the SiO, deposition, step 12, figure[3.13] (b) An example chip after
the Primer coating and baking. (c) The chip after ProTEK coating and baking. (d) The
chip after KOH etching. The devices are labeled with numbers; (e, i-v) a zoom in on some
of the devices shows SiO,/ ProTEK coating after KOH. The devices parameters are: (e : i)
128 ym pad diameter, 3 ym tether width, 350 ym tether length,4430 ym front window size,
and 56 pads, (e : ii) 128 ym pad diameter, 2 ym tether width, 405 um tether length, 4250
um front window size, and 49 pads, (e : iii) 16 um pad diameter, 3 ym tether width, 35 um
tether length, 2450 um front window size, and 1849 pads, (e : iv) 16 ym pad diameter, 1.5
um tether width, 70 ym tether length, 1320 um front window size, and 144 pads, (e : v) 16
um pad diameter, 5 um tether width, 53 ym tether length, 1300 ym front window size, 625
and pads.
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In figure we continue showing the progression of some of the devices, after ProTEK
and SiOy stripping. In (a) we show the chips inside the hot Nanostrip after 5 minutes;
the ProTEK starts to peel off. Then after 30 minutes, (b), the ProTEK dissolves and the
Nanostrip solution becomes clear. In (c, e, g) we show the same devices of (e), figure
after ProTEK stripping in Nanostrip, while in (d, f, h) we show them after the oxide stripping
in BHF. By comparing the pictures, (¢) vs. (d), (e) vs. (f), (g) vs. (h), we suspect that the
Si04 layer that is covering the devices underneath the ProTEK has been etched away, while
chips are inside KOH (note the color difference between the device borders and the rest of
the chip). It is known that KOH etches PECVD oxide films rather quickly as compared to
LPCVD ones [74], and once it is through, it can attack the oxide around the edges from
underneath the ProTEK as it lifts away. After we strip the oxide layer in BHF, the color
of the chip becomes the same as the device borders; we use this as a rough indication (by
eye) that we removed the oxide. This is consistent with the fact that the etch rate of SiOy
in BHF (measured value) is ~~430 nm / minute, which means that 3 minutes in BHF should

be enough to remove all the oxide.
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Figure 3.15: The progression of an example chip and its devices from step 17 to 19 of figure.
(a), (b) Chips inside hot Nanostrip after 5 and 30 minutes respectively. (c - e) Same devices
shown in (e, iii-v) of figure after ProTEK and oxide stripping. The devices parameters
are: (c : iii) 16 ym pad diameter, 3 ym tether width, 35 um tether length, 2450 ym front
window size, and 1849 pads, (d : iv) 16 um pad diameter, 1.5 pm tether width, 70 ym tether
length, 1320 ym front window size, and 144 pads, (e : v) 16 ym pad diameter, 5 um tether
width, 53 um tether length, 1300 um front window size, and 625 pads. Note: in the inset of
(d), the reader should not confuse the “mice on a fence” optical illusion with contaminants
on the pads [75].
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3.4.2 Device yield and discussion

Other examples of surviving devices are shown in figure hexagonal phononic crystals
with relatively large pads as compared to the one (PD 16 um) shown in figure 3.15] The
overall yield of this process flow is 56 % (47 survived / 85 devices (hexagons+squares)) with
90% of the devices clean. The remaining 10% of the devices have some residues (5 devices /
47 survived devices), see (k-1) of figure as an example of the residues we have seen. These
residues can be introduced at any step in the process flow (we did not take pictures of each
step as we did for the devices in figure and figure , however since all the devices
are clean until step 11 of figure [3.13] we assume that these might be KOH or ProTEK
residues. Eventually, we plan to characterize the chemical make-up of these residues and
develop additional cleaning techniques, but for now this process produces enough devices to

pursue the physics of Chapter 2]
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Figure 3.16: Hexagonal phononic crystals fabricated using the process flow in figure |3.13
(a-d) The four corners of a device with 32 ym pad diameter, 3 ym tether width, 55 ym tether
length, 4500 um front window size, and 2156 pads. (e) has the following parameters: 64 um
pad diameter, 3 ym tether width, 220 ym tether length, 2240 ym front window size, and
49 pads. (f) has the following parameters: 32 um pad diameter, 3 ym tether width, 55 yum
tether length, 620 um front window size, and 30 pads. (g) has the following parameters: 32
pum pad diameter, tether 5 ym width, 85 um tether length, 1300 ym front window size, and
90 pads. (h) has the following parameters: 64 um pad diameter, 1 um tether width, 200 um
tether length, 2400 um front window size, and 56 pads. (i-j) has the following parameters:
32 um pad diameter, 3 um tether width, 55 ym tether length, 1326 ym front window size,
and 169 pads. (k-1) has the following parameters: 32 ym pad diameter, 3 pm tether width,
85 um tether length, 4400 um front window size, and 1258 pads. Note that only 10 % of the
devices fabricated using this method shows residues as the one shown in (k-1), otherwise 90%
are clean.

Figure shows a three dimensional space of survived and broken devices of both
geometries (hexagons and squares) as a function of PD (pad diameter), TEL (tether length)
and total number of pads. Note how this method allows us to achieve delicate devices with
several hundred pads in a single device. In this map, we do not show the survival statistics
dependency on TEW. Generally speaking, the survival rate of the devices with small pad
diameters and relatively short tether lengths is higher than the case of relatively bigger pads
diameters and long tether lengths. Interestingly, this is the opposite trend as that found for

89



the fabrication protocol of section [3.2] wherein the frontside is not protected. The ProTEK
pictures after KOH etching we show in figure [3.14] ,(e i) (e-ii), and the low survival rate of
the devices with relatively big PD and long TEL, make us suspect that the buckling induced
by the compressive stress in the oxide layer might be one reason why these devices do not
survive with this current scheme (550 nm SiO,/ ProTEK). This result has motivated us to
consider a fabrication scheme where we do not apply oxide and we only use ProTEK coating

directly on the nitride.
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Figure 3.17: Summary of SiO, / ProTEK coating process flow. Three-dimensional space map
that shows the survived (circles) and broken (crosses) devices as a function of the PD, TEL
and the total number of pads; the map has considered hexagons and squares together. The
arrows show the tether width (TEW) of the corresponding membrane. Note: TEW values
here have been taken from the photomask design, no scanning electron microscope (SEM)
measurements have been done yet.
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3.5 ProTEK only mask

In this section, we illustrate the fabrication of the phononic crystals using ProTEK PSB
alone. The process flow is the same as the one presented in the previous section without an

oxide layer; we show it in figure Then in section we discuss the device yield.
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Figure 3.18: ProTEK coating process flow.
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3.5.1 Device yield and discussion

Figure[3.19shows a three dimensional space of survived and broken devices of both geometries
(hexagons and squares) as a function of PD, TEL and total number of pads. In this map,

we do not show the survival statistics dependency on TEW.
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Figure 3.19: Summary of ProTEK coating process flow. Three-dimensional space map that
shows the survived (circles) and broken (crosses) devices as a function of the PD, TEL and
the total number of pads; the map has considered hexagons and squares together. The
arrows show the tether width (TEW) of the corresponding membrane. Note: TEW values
here have been taken from the photomask design, no scanning electron microscope (SEM)
measurements have been done yet.
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Figure 3.20: Examples of residues we see on the devices.

The total number of devices fabricated using this process flow is 252. Of those, 88% have
survived (222 / 252 devices). Also, many devices that fail in the oxide / ProTEK process
flow survived when fabricated using this scheme. This suggests that the absence of the oxide
layer has positively contributed to this high yield, and that the elimination of the oxide
buckling due to compressive stress might be the reason, particularly for the devices with big
PD and long TEL. However, only 26% of them are clean under the optical microscope (57 /
222 devices); the majority of the devices have residues. However, the residues are confined
to small areas (i.e. on the scale of a single unit cell, as in figure above), and the vast
majority of each device is clean. Figure [3.20] shows some examples of the residues we see in
the final inspection after step 18, figure[3.18] We might have introduced these residues in one
of the steps between step 13 and 18, figure And since we have not taken microscopic
pictures after these steps, or made a chemical analysis for the final device, we can not identify
their nature.

At this stage with these available information, it might be beneficial to execute more
cleaning steps to check the possibility of any improvement. For example, we could apply
two steps ProTEK stripping protocol; we transfer the chips to a second fresh hot Nanostrip
solution, for 30 minutes or even longer to remove the left-over residues, after the first Pro-
TEK Nanostrip step. Or we could try the O, plasma, as recommended by ProTEK PSB
specification sheet [73]. However, we can say that devices fabricated with an oxide/ProTEK
bilayer were significantly cleaner than these (see section , hinting that the oxide does
play a helpful role in removing residues. Perhaps using a thinner oxide layer would elimi-
nate stress-induced buckling while still allowing us to realize a higher percentage of pristine
devices.

Ultimately, this fabrication scheme has allowed us to realize many (thousands) pads quite
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delicate devices with wide range of device parameters. For example, for small pad diameter
(16 pm), we produce devices with up to 2750, 2304, 2025 pads (4.4 mm, 2.4 mm window
sizes), figure (a, b, ¢); these devices have pretty narrow tether width: 1.5, 1 and 5 ym,
respectively. Other examples of a smaller windows are shown in (d, e, f). We also show in
(g-j) examples for large pad diameter devices (64 and 128 um) some with 4.4 mm window
size and long tethers, similar to some devices produced in section [3.2} we circle residues with

a white circle in (a) and (j).
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Figure 3.21: Examples of delicate devices produced using ProTEK process flow, figure |3.18
(a) Shows the center region of a device that has the following parameters: 16 ym pad diameter,
1.5 ym tether width, 65 ym tether length, 4420 um front window size and 2750 pads. (b)
Shows a corner of a device that has the following parameters: 16 ym pad diameter, 1 um
tether width, 58 pym tether length, 4440 um front window size, and 2304 pads. (c¢) Shows a
device with the following parameters: 16 um pad diameter, 5 um tether width, 30 um tether
length, 2450 um front window size, and 2025 pads. (d) has the following parameters: 16
um pad diameter, 2 ym tether width, 28 um tether length, 1345 ym front window size, and
1681 pads. The little green spot under the device is a broken piece from other devices that
was settling under the device on the clean room wipe. (e) has the following parameters: 16
pum pad diameter, 5 ym tether width, 60 um tether length, 2450 pym front window size, and
900 pads. (f) has the following parameters: 16 um pad diameter, 1 ym tether width, 60 um
tether length, 1350 um front window size, and 196 pads. (g) has the following parameters:
64 um pad diameter, 1.5 ym tether width, 220 ym tether length, 2480 um front window size,
and 36 pads. (h) has the following parameters: 64 um pad diameter, 1.5 ym tether width,
340 pym tether length, 2300 pm front window size, and 16 pads. (i) Shows the center region
of a device that has the following parameters: 128 um pad diameter, 3 um tether width, 523
um tether length, 4350 um front window size, and 36 pads. (j-1) Two corners and a zoom in
of a device with 128 um pad diameter, 5 pm tether width, 450 ym tether length, 3900 um
front window size, and 36 pads. (a) and (i) have residues circled with white.

We should also note that, while the devices may look clean under the microscope, they may
still have residues, fabrication imperfections, thickness variations across the device, or tiny

fractures that we cannot see. This disorder would undoubtedly produce defect mechanical
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modes within the gap [61] that would interfere with the physics we hope to realize. In the
following section, we measure the spectrum of normal modes in one of the “pristine” devices

to verify that a complete bandgap (for out-of-plane motion) exists in these structures.

3.6 Preliminary mechanical characterization

In this section, we show preliminary measurements of the mechanical frequency spectrum for
two example devices. As expected, the spectra demonstrate the presence of the band gap
with a ratio of gap width to band edge frequency as high as 80 %. Using a relatively simple
laser interferometric circuit, we achieve a noise floor of 100 fm/v/Hz. This is sufficient to
resolve the Brownian motion (i.e. each mechanical mode’s response to thermal force noise
[76, [77]) of the modes in ultrahigh vacuum.

Figure [3.22] shows the basic fiber and electric circuit we use to record the spectrum of
the phononic crystal membranes [2]. We send an infrared laser beam (Thorlabs diode laser
CLD1015, 1550 nm) through an optical fiber coupler (Thorlabs 90:10 fiber coupler). Nitride
films are transparent in this wavelength which ensures minimal absorption and heating. The
coupler splits the laser power into two signals 90% & 10%, and an isolator after the laser
blocks back-reflected signals, reducing laser noise and preventing damage. The 10% signal
goes to the fiber that interacts with the membrane inside the ultrahigh vacuum chamber
(UHV, 107 torr), this power percentage is sufficient to give a good reflection signal without
heating the membrane; in figure [3.22] we have labeled this signal red. This signal is reflected
from the surface of the membrane carrying the vibrational information and interferes with
the part that is reflected from the inner tip surface of the cleaved fiber; the combined signal
is labelled with blue arrows in figure This reflected signal goes back to the coupler and
90% of that is then directed to a photodetector (PD “1” in figure [3.22)). The photodetector
coverts the alternating optical signal (E(x,t), the electromagnetic field) to a voltage signal
V(t) proportional to the power, <|E(:)3,t)\2> x V(t), (where the angle brackets indicate a
time average / low-pass filter with a bandwidth of ~ 150 MHz for our photodiodes (Thorlabs
PDA10CF). This voltage signal is then sent to a spectrum analyzer (Zurich Instruments HF2

lock-in), and the final signal is converted into displacement units using the known functional
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form of the interference fringe in the reflected signal; see the extensive discussion in Christoph

Reinhardt’s dissertation (McGill Physics, 2017).
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Figure 3.22: Laser interferometer circuit to measure the mechanical mode’s Brownian motion.
A 1550 nm laser beam (red) is split through an optical fiber coupler to 90% and 10% signals
(the isolator after the laser blocks back reflection). The 10% signal goes to the fiber that
interacts with the membrane inside the ultrahigh vacuum chamber. This signal is reflected
from the surface of the membrane carrying the vibrational information and interferes with
the part that is reflected from the inner tip surface of the cleaved fiber; the combined signal
is labelled with blue arrows. Photodetector “1” then coverts 90% of this blue signal to a
voltage. The voltage then is sent to a spectrum analyzer. The second coupler arm (red, 90%)
is simultaneously measuring the laser classical noise, the shot noise and the photodetector
noise; this is done using photodetector “2” and a spectrum analyzer.

Figure shows a typical spectrum from a device having 64 um pad diameter, 3 ym
tether width, 344 um tether length, 4200 um front window size, and 90 pads. Notice the
cluster of peaks spanning the range 188-340 kHz, and a cluster spanning the range 660-740
kHz . The gap in between these clusters roughly matches the gap predicted by COMSOL to
within 6 %, as indicated. In this case the band gap is 70 % of the band edge frequency.

In addition to information about membrane motion, the resulting power spectral density
(PSD) includes classical and shot noise from the laser as well as photodiode noise [78,[79]. The
latter two simply add a broadband background to the spectrum, but the laser’s classical noise
has peaks. We identify the peaks within the band gap (highlighted in red) as coming from
the laser by simultaneously measuring the spectrum of noise on the other arm of the coupler
(photodiode “2” in figure . Currently, we are planning to either develop a differential
circuit to subtract this classical noise from our signal, or find a lower-noise laser (ideally one

that is quantum-limited over this frequency range). For now, however, we are reasonably
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confident that there are no accidental defect modes within the gap (i.e. presuming they

didn’t happen to coincide with the laser noise peak!).
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Figure 3.23: Thermal power spectral density of an example device shown in the optical
microscope inset. The device has the following dimensions: 64 um pad diameter, 3 um tether
width, 344 um tether length, 4200 um front window size and 90 pads. The blue peaks are the
mechanical modes measured using the laser interferometer introduced in figure[3.22] The first
blue peak bundles in the range (188 - 340 kHz) is separated by a gap from the second blue
peak bundles in the range (660 - 740 kHz). The magenta lines highlight the gap predicted by
COMSOL. The gap between the blue modes clusters roughly matches the gap predicted by
COMSOL to within 6%. The two red peaks located inside the band gap are classical laser
noise peaks.

Figure m shows results for another example device that has 128 um pad diameter, 1
um tether width, 350 ym tether length, 4500 um front window size, and 81 pads. It similarly
shows a bandgap, this time with a gap:edge ratio of 80%. In this case, however, we see
peaks within the gap (gold) that we cannot attribute to laser noise. We suspect these are
mechanical defect modes due to severe structural damage (cracks, fabrication defects) that

are not visible when inspecting the device with an optical microscope.
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Figure 3.24: Thermal power spectral density of an example device shown in the insets, the
first inset is an optical microscope image and the second one is an interferometric scan image.
The device has 128 ym pad diameter, 1 ym tether width, 350 um tether length, 4500 um front
window size, and 81 pads. The blue peaks are the mechanical modes measured using the laser
interferometer introduced in figure |3.22] The band gap is between the first and second blue
modes clusters (which span the ranges (53 - 155 kHz) and (360 - 435kHz), respectively). We
attribute the red peaks to the classical laser noise and the gold ones to possible mechanical
defects that might be due to severe structural damage (cracks, fabrication defects).

3.7 Summary

In this chapter, we demonstrated the fabrication of delicate 100-nm-thick and 300-nm-thick
SizN, suspended phononic (hexagonal and square) crystal membranes with wide range of
dimensions and an area as large as 20 mm?, with thousands (up to 2750 pads) pads and as
narrow as ~ 1.5 um tether width (with a ratio of gap width to band edge frequency as high
as 80 %). We realized several fabrication techniques, based on standard photolithography,
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each having it is own leverages and drawbacks. The existing (unprotected front side during
release in KOH) process flow [2] allows us to produce clean, delicate devices with tens of
large pads and long tethers but with a relatively low yield. However, by implementing
some modifications, section we found that it is possible to double the yield of this
technique, to become 35 %. On the other hand, protecting the frontside with SiO,/ ProTEK
bilayer, section (during release in KOH) has boosted the yield to 56% (90 % of them
is clean). We produced more delicate membranes as compared to those produced by the
unprotected front side technique, and, in particular, the yield has improved for membranes
with hundreds of small pads and short tethers. The results we show suggest that the buckling
induced by the compressive stress in Si0y might be the reason why large pads, long tethers
membranes fail this scheme and that this process could be further optimized by fine tuning
the oxide thickness. Interestingly, protecting the front side with ProTEK only, section
(by removing the oxide) does improve the yield of all membrane dimensions up to 90%. We
produced suspended membranes with thousands (up to 2750 pads), hundreds and tens of
small and large pads, long and short tethers, but 26 % of them are clean, which suggests
that it might need cleaning optimization in the future. However, we should emphasize that
the successful schemes we attempted here have produced enough pristine devices that should
allow us to realize the physics we seek in chapter 2] Preliminary mechanical characterization
of two example devices confirms that they can exhibit the phononic bandgap required for

laser-induced localization experiments.
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Chapter 4

Summary and Outlook

In this dissertation, we have proposed and demonstrated some initial steps toward exploiting
radiation pressure to strongly tune the geometry and mass of a mechanical system. The basic
idea is to fabricate an extended phononic crystal structure [27] and apply an optical trap to
one lattice site, thereby creating a defect that exponentially localizes one or more mechanical
modes.

In chapter (1} we reviewed the work done in this field. Noting that the geometry and mass
have also been tuned via optically mediated normal-mode hybridization [19, 21], 22| 23] 24,
251, 26] but not so profoundly: only a few (essentially two) normal modes are involved, and the
resulting hybridized modes therefore exhibit a mass and spatial extent comparable to that of
the unperturbed modes. We also discussed some of the potential research directions enabled
by this type of coupling. In particular, we suspect the ability to optically tune the spatial
extent of a mechanical mode will provide a unique platform for fundamental dissipation
studies, unconventional sensing applications, and quantum optomechanics experiments.

In chapter [2| we explored the physics of this optically mediated geometry and mass tuning
in a semianalytical toy model in one dimension (1D), and then applied this intuition to
guide the design of a realistic two-dimensional implementation, using finite element model
(COMSOL). Importantly, we find that it is possible to vary the spatial extent and the amount
of participating mass in the oscillation of these optically defined defect modes by many
orders of magnitude. And that even a single photon can cause a macroscopic change in

the amplitude that can be detected in a millimeter-scale membrane. We find surprisingly
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good agreement between our 1D model and the 2D simulation, with the 1D model predicting
band edge frequencies within ~ 20 % of those simulated, and a semi-quantitatively similar
response to an applied optical trap. We derived a few figures of merit for this style of
optomechanical coupling to assess the localization efficiency, namely the localization length
(and effective mass) and the ratio of the trapped pad’s amplitude with the trap on and off
for a fixed mechanical energy stored in the mode. We found that, despite the larger mass,
large structures result in large response to a given trap as compared to small structures.

Then, in chapter [3] we demonstrated several fabrication schemes, each having their own
leverages and drawbacks. We find that it is possible to fabricate delicate 100-nm-thick and
300-nm-thick SisN, suspended phononic (hexagonal and square) crystal membranes with
wide range of dimensions and an area as large as 20 mm?, with thousands (up to 2750)
unit cells and as narrow as ~ 1.5 um tether width (with a ratio of gap width to band edge
frequency as high as 80 %). We find that by protecting these delicate structures from the
chemical etchant during release, we can boost the yield to more than 85%. Preliminary
mechanical characterization of two example devices certifies that they indeed exhibit the
phononic bandgap required for laser-induced localization experiments.

These large fabricated devices with defect free large band gap are expected to give promis-
ing mass and mode shape tuning results. For example, crystals that have 2750 unit cells
(figure will result in around three orders of magnitude reduction of the band gap edge
mode effective mass as it becomes localized in the mid of the gap (where its spatial extent
reduces from 2750 unit cells to ~1).

Following in the historical footsteps of the modern field of optomechanics, our next goal
is to demonstrate localization bolometrically. If these highly stressed silicon nitride phononic
crystals have been subjected to localized heat, the thermal expansion of the tethers will lead
to a reduction in the tensile stress. This will result in a localized reduction in mechanical
frequency (i.e. an anti-spring), and should drag a mode from the upper continuum band into
the band gap. A localization that is similar to the one shown in figure 2.9] chapter [2, will be
realized. Our lab can demonstrate this immediately in the fiber interferometer setup shown
in figure [3.22] chapter |3l However, the setup will need to be upgraded to become suitable
for this study, for example by:
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e Depositing a good heat absorber and conductor (like platinum) on the phononic crystal

membrane so that our existing laser also acts as a heat source, and / or

e Adding a second, higher-power laser at a different (absorptive) wavelength to more

effectively heat the structure.

As the upper band edge mode enters the band gap, we expect to see an increase in the
Brownian motion amplitude because (a) the membrane’s modes will be thermally driven at
relatively higher temperature than room temperature, (b) the local material will not be as
stiff, and, most importantly, (c¢) the localized mode’s effective mass (and hence its effective
spring constant) will be significantly reduced. The quality factor, @, of the mode should also
increase as the mode moves deeper in the band gap. This ) increase is expected to be due
to isolation from the environment.

The subsequent step will be incorporating phononic crystal membranes inside high finesse
optical cavities. For devices with pad sizes 256, 128 and 64 ym, our group (for instance) has
access to a macroscopic (centimeter scale) 20000 finesse Fabry Perot cavity [2]. For smaller
devices (with pad sizes 16, 32 ym), our group also has access to microscopic (micrometers
scale) fiber cavities [80, [8T] with more than 30000 finesse. Using microcavities is advantageous
in optomechanics, because the small round-trip time of the photon inside the cavity provides
stronger optomechanical force. The first step will be stabilizing the frequency of the laser to
the frequency of the optical cavity using the locking techniques developed in our laboratory
for macroscopic and microscopic cavities [82, 83]. Then the floor will be ready to apply linear
or quadratic optical springs [39] to demonstrate the physics shown in figure , chapter .

In parallel with all these efforts our lab is starting soon the design and the assembly
of a laser Doppler vibrometer (LDV) [84]. In this technique, we will synchronize pulses of
light with the driven motion of the membrane, and image the whole motion at once with a
camera. The signal will be either Doppler frequency shift or simple interferometry. The main
purpose of this system is to directly image the evolution of the mechanical modes as they are
tuned through the gap. This will result in unambiguous demonstration of strong control and
provide valuable immediate information during future experiments involving more complex

structures.
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