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PREFACE
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Life as a young fella is never easy. Since I was admitted to the University of Science and
Technology of China (USTC) at the age of 15, I had been expected to become some sort of
“genius” and solve the world’s most difficult problems—while playing with fidget spinners.
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ABSTRACT

Solid state spin is a rapidly developing system for quantum sensors and computers.
With the development of fabrication technology, since 2013, microelectromechanical systems
(MEMS) technology began to be integrated with mechanical strain coupled to the spin
system, instead of a traditional microwave antenna. Subsequently, the ability of quantum
control in this system was greatly extended. In one example, strain has been demonstrated
to be useful in dynamical decoupling, which increases the 7 of a diamond NV center.

Since the first work on strain-spin coupling in diamond, research has been greatly broad-
ened to include SiC, graphene, transition metal dichalcogenide (TMD) monolayers and other
quantum systems. Mechanical transducers, cantilevers, surface acoustic wave (SAW) res-
onators and bulk acoustic wave (BAW) resonators have been proposed and fabricated to
induce mechanical strain. Consequently, an urgent problem to be solved is how to design the
mechanical system that works best for a given spin application? That is, how do we place
the maximum strain on a specific atom position in a material? Traditional MEMS figures
of merit might not apply, because mechanical resonance functions in a much larger volume,
whereas spin functions at the atomic level.

To solve this problem, this thesis explores different branches of MEMS technology and
compares them for spin-phonon coupling applications. First, cantilever and clamped-clamped
beam devices on SiC and diamond are demonstrated, according to the fabrication technique
that we developed at Purdue. The SiC lateral overtone bulk acoustic wave resonator (LO-
BAR) with decreased anchor loss is then introduced. Using the knowledge gained in this
process, I propose a wafer level phononic crystal structure that can limit the mechanical fre-
quency on a device wafer and thus reduce the noise. Finally, because a resonator is not the
only MEMS technology that can induce strain, I explore MEMS actuators with an acoustic
Fresnel zone plate device based on diamond, which can focus an acoustic wave onto the spin

location.
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1. INTRODUCTION
1.1 MEMS Device Overview

1.1.1 MEMS Actuator and Resonator

MEMS was first developed in the 1960s, when researchers began to use integrated circuit
(IC) technology to fabricate mechanical devices. The main advantage of using mechanical
structure instead of electrical circuits is the low loss and the small size of the devices [1], thus
enabling them to accommodate high current and withstand environmental noise. Whereas
applications of MEMS involve switches, transmission lines, resonators and so on, they typi-
cally include a part called an actuator, which converts an electrical signal to the mechanical
domain. Depending on the field in which a MEMS device is applied, various types of ac-
tuation force are used, including electrostatic, magnetic, piezoelectric, thermal and optical

sources. Fig. 5.1 shows MEMS devices based on various actuation principles.

Top magnetic core Conductor line

Figure 1.1. (a) An electrostatic actuator in [2]. (b) A magnetic microactuator
from [3]. (c) A silicon PZT piezoelectric bulk acoustic wave resonator from [4].
(d) A thermal actuated MEMS sensor from [5]. (e¢) A MEMS optical sensor
from [6].

After mechanical signals are induced in the system by the actuator, they are often cou-
pled to a MEMS resonator, which is a small structure vibrating at high frequency. MEMS

resonators are extremely useful in signal processing, and have been used as sensors, filters,
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oscillators and other components. This thesis focuses on a resonator working at radio fre-
quency (RF), which is from 20 kHz to 300 GHz. Resonators can be categorized into bending
mode resonators, SAW resonators, BAW resonators and so on, according to the acoustic

modes used. Fig. 5.2 shows examples of these resonators.

Reflecting
Gratings

Figure 1.2. (a) The tip of a silicon cantilever device from [7]. (b) A SAW
resonator from [8]. (c) A lateral overtone bulk acoustic wave resonator from

[9].

According to the design of the resonator, at some frequency points, called the resonance
frequencies, the loss of the energy is minimal. MEMS designers pay substantial attention
to these resonance points and tune them to optimize the performance of MEMS products.
To understand the resonator physically, when such resonators are driven under an external
signal, the system can be treated as a forced vibration with damping in Fig. 5.3, governed
by equation:

Mi +Ct + Kz = Fipu (1.1)

Here M is the effective mass, C is the effective loss, while K is the effective stiffness of the

resonator.
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Finput

1
1
C

Figure 1.3. Forced damping model of a MEMS resonator.
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To characterize the performance of the resonance, the quality factor (Q) is defined as:

Esore
Q=2mn. —ored (1.2)

E dissipated

which is the ratio of average energy stored vs dissipation. Also, the intrinsic resonance
frequency can be calculated from the driving equation, which is wy = \/%. Using these 2
definition, we can write down the transfer function (the relation between the physical force

and the corresponding displacement) of our resonator [10]:

X(s) 1 1 Wi
H(s) = - - (% 1.3
(s) Foput(s) M?+Cs+ K K (sQ—i—g)s—l—w% (1.3)

s = jw is the complex frequency. The damped resonance frequency can also be solved as

[11]:
1

Experimentally, Q is often measured by 3dB bandwidth from a frequency sweep across the

spectrum:
_wo dH(w) _ Jo
2 dw Af 34

Q (1.5)

As it is seen in Fig. 5.4, the higher Q is , the narrower the 3dB bandwidth will be.

100 ¢

-
- o

e
—

I

1 10

Amplitude normalised to DC response

©
—

w/wo

Figure 1.4. Frequency response of an ideal resonant system. Image from [10].
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This work focuses on a piezoelectrically driven MEMS resonator based on silicon carbide
and diamond substrate. As introduced in the following sections, the main goal of building the
devices is to induce high stress in the mechanical body. To date, piezoelectric actuation has
shown the highest electrical-mechanical energy transfer efficiency among all actuation prin-
ciples. In addition, recent technologic developments in SiC and diamond micro-machining
have enabled fabrication of devices with designs that were previously limited to only silicon

substrate.

1.1.2 Piezoelectric Resonator

Piezoelectricity is a phenomenon in which electric charge can be induced by application
of mechanical stress in certain materials. Because this process is reversible, an electrical sig-
nal can be used to generate mechanical stress, called the inverse piezoelectric effect. Typical
piezoelectric materials include certain crystals, ceramics and organic materials. The com-
monly used crystal piezoelectric materials in MEMS are Lead Zirconate Titanate (PZT),

Aluminum Nitride (AIN), Zinc Oxide (ZnO) and Lithium Niobate (LiNbOj). The effect can
be expressed as the following [12]:

T=FES—¢ef
(1.6)
D =¢€ +eS

Here, T is the local stress, E is Young’s modulus of the material, S is the local strain, E is
the material’s permittivity, e is the material’s piezoelectric coefficient, E is the local electric

field, and D is the electric displacement. These symbols are summarized in Table 2.1.

Table 1.1. Summary of piezoelectric equation symbols

Symbol Meaning Unit
T Stress N/m?
E Young’s modulus Pa
S Strain 1
€ Permittivity F/m
e Piezoelectric Coefficient | C'/m?
£ Electric Field V/m
D Electric Displacement | C'/m?
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While the parameters in the equations are determined by the material, to characterize
the piezo-to-electric energy conversion strength in a real resonator, the electromechanical

coupling coefficient, k;, is defined as:

2 — Beonerta )
Einput

which is the ratio of the converted mechanical/electric energy vs the total input electric/me-
chanical energy, depending on whether we are using the inverse or original piezoelectricity.
This coefficient depends on the resonant mode, the piezoelectric and the substrate material,
electric circuit design and others. MEMS designers usually try to maximize this factor in
design, in order to induce a large mechanical strain while minimizing the power consumption
of the device.

By using the piezoelectric material in a resonator, we can use an electric signal to cause
the a mechanical device to resonate, making a piezoelectric resonator. Such devices are
commonly used in civilian and defense fields. For example, RF filters based on piezoelectric
resonators are used in every mobile phone, and the demand will only be higher based on the
new requirement from 5G network [13]. In particular, the Butterworth Van-Dyke (BVD)
Model was developed to use to describe the frequency response of such resonators. Shown

in Fig. 5.5

Figure 1.5. BVD model for a piezoelectric resonator.
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The parameters:

ce, A
Co = ;
8k?
Cn COTC—;
1
" 8kt2pvgw00
Wy Ly,

Cy is the static capacitance, while C,,, L,, and R,, are the motion components. wy is the
resonant angular frequency, n is the acoustic viscosity, p is the density, v, is the acoustic
velocity. The effective quality factor can be calculated from the above equation. Note that
this Q is the equivalent circuit Q. Since the BVD model is only an approximation of the real
resonator, the Q might not be exactly the same as the measured (). Nonetheless, we can use

the BVD model as a guidance for designing high performance piezoelectric resonators.

1.2 Solid State Spin Platform

1.2.1 Silicon Carbide and Defect Centers

Silicon carbide (SiC) is a semiconductor material composed of Silicon and Carbon atoms.
While different phases of SiC exist, the most commercially available SiC polytypes are 3C,
4H and 6H. They are typically grown using chemical vapor deposition (CVD) based on SiHy,
H, plus Ny [14]. 3C-SiC is a diamond like cubic crystal, while 4H and 6H are of hexagonal
lattices, shown in Fig. 5.6

In the SiC material, owing to natural formation or ion implantation, atomic defects can
form in the crystal lattice where the original Si or C atoms are missing. Researchers have
extensively studied two of the vacancies - silicon vacancy (V) and divacancy (Vg Ve due to
their spintronic properties. These vacancies have been demonstrated to provide a promising
platform for quantum sensing, computation and information [15]. Because silicon vacancy
has only been recently demonstrated and studied in quantum application, we will start by

introducing the divacancies in 4H-SiC in Fig. 5.9.
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Figure 1.6. Crystal structure of (a) 3C (b) 4H (c) 6H SiC.
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Figure 1.7. (a) 4H-SiC with 4 different types of divacancies. (b) Photolumi-
nescense (PL) spectrum of 4H, 6H and 3C-SiC. The PL1-4 correspond to hh,
kk, hk and kh divacancy setup. The figure is taken from [16].
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From the electronic charge of the defects, the divacancy can be treated as a spin=1
triplet system. The energy level is shown in Fig. 3.9 (a). In this level structure, a near
infrared laser can be used to excite the spin. During the relaxation back to ground state, the
spin can undergo either a radiative process, wherein the emitted photon can be detected in
experiment, or a non-radiative process. Because the |£1) and |0) spin states’ photon emission
rates are different, the spin state can be determined according to the photoluminescence (PL)

count.
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Figure 1.8. (a) Energy level of the divacancy. Sold lines and dash lines

represent radiative and non-radiative process accordingly. (b) Principle of
ODMR from [16].

The Hamiltonian of the divacancy can be expressed as [17]:

H = hDo? + gupo - B — E, (afc — a;) + E, (0,0, + 0y04)
DZDO—i-dHFZ-i—eHéZ (1'9)

Ey, = Eg’y +di Fyy+eicgy

Here the defect axis is set to be on z direction. h is the Planck constant, g=2 for electrons, ¢ is
the vector of Pauli matrices when spin=1, p5 is the Bohr magneton, B is the magnetic field.
D, E,, E, are the zero-field splitting factor. In their expressions, d|;, d, are Stark coefficient
under an electric field F, while e,e; are the strain coupling coefficient when applying a
mechanical strain €.

Based on the Hamiltonian, one common experiment conducted on the spin is optically

detected magnetic resonance (ODMR), shown in Fig. 3.9 (b). When placed near a static
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magnetic field By, the |+1) degeneracy is lifted by Zeeman splitting hv = gupBy. Using this
splitting, we can sweep the microwave field with a external field B,. By finding the resonant
frequency f, we will be able to back-calculate the strength of By, achieving the detection of
the unknown field.

While the ODMR  technology is already well-studied on SiC divacancy as well as other
solid state spins, researchers recently have been extending similar concepts to the mechanical
field [18, 19]. The strain-spin coupling can be used both ways: a strain-involved resonance
can be used for detecting small strain field previously difficult to observe [20], and we can
use the introduce a strain field manually to manipulate the spin state [21]. In particular,
the latter application has seen use in dynamical decoupling of the strain field [22], which
increased the electron spins’ resistance to dephasing due to the influence of neighboring
environment noise. Such application will allow the defects to become a more rigid quantum
platform.

To induce strain in SiC, piezoelectric materials become the best option, for the low power
consumption, and the fact that they can be integrated onto spintronic material using semi-
conductor fabrication techniques. I work on designing, fabricating and testing piezoelectric
resonators based on these platforms and inducing large strain waves in the device for strong
phonon-spin coupling. Also, SiC has shown great potential in MEMS application, as it has
extremely low loss [23], high mechanical hardness and elasticity at high temperatures, a high
thermal conductivity and is chemically inert [24] compared with traditional Silicon based
resonator. This makes it a potential candidate for the next generation commercial MEMS
material. By working on the system, we may combine the advantages of the two. In our
case, 4H-SiC wafers are bought from Cree Inc., and then sent to OEM Group for deposition

of Aluminum Nitride and the electrode metal.

1.2.2 Diamond and NV Center

Besides SiC, the Nitrogen-Vacancy (NV) center in diamond is formed by a nitrogen atom
replacing a carbon while a neighbor location is vacant, in Fig. 3.10 (a). When the system is
negative charged, the defect energy level of NV~ (commonly written as NV) shows a spin=1

triple similar to that of the divacancy in SiC (Fig. 3.10 (b)). Because of this, the previous
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discussion on SiC divacancy also applies to diamond NV, with the coupling coefficient in
Hamiltonian different by material.

While due to cost, diamonds are usually provided in mm scale, making it much more
difficult on fabrication compared with wafer level SiC (Fig. 3.11), certain advantages exist
in the system. First and the most importantly, diamond NV’s PL has strong signal under
room temperature, while the divacancy has to be cooled down to cryogenic condition for
the PL to be observed. This makes diamond NV an ideal sensor for temperature sensitive
and non invasive applications like biological sensing. Also, the simpler crystal structure of
NV eliminates the need to distinguish 4 different PL peaks of divacancies, which can be
difficult to control during the ion implantation process. Thus, various efforts has been made
to accommodate diamond with piezoelectric material [25, 26]. In our collaboration with
Prof. Greg Fuchs group at Cornell University, we are working on in-house CVD growth of

ZnO and AIN on diamond, and making piezoelectric resonators based on that.
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Figure 1.9. (a) Crystal structure of an NV center in diamond lattice. (b)
NV energy level. Figure from [27].

1.2.3 Review of Resonances in a Spin System

In order to fully understand the Hamiltonian and its effect on our spin system, it is

necessary to review the magnetic and mechanical resonance in a spin system.
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Figure 1.10. (a) Commercial diamond slabs are at mm scale. (b) SiC wafers
are widely available at various radius, allowing easy implementation of Si wafer
fabrication techniques.
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Two-state System

For a two state quantum system, we can use the Dirac notation to write the superposition

state as:

[¥) = cos(0/2) 1) + sin(6/2)e" |1) (1.10)

Here 6 and ¢ are the angles in a Bloch sphere shown in Fig. 3.8.

11)

Figure 1.11. Bloch sphere. Figure from [28].

Also, the conventional Pauli matrices for 2 energy levels are:

10 h{ O 1 h{ 0 —i h{ 10
I= 1S, = = 1Sy = = S, = — (1.11)
0 1 201 0 2\i 0 20 -1
Now for the magnetic resonance, we have:
H = hgupB - S (1.12)
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where B is the magnetic field, and S = {S,,S,, 5.} is the Pauli matrices. If we apply
first a static field along z axis: Hy = vB,S, and apply the propagator U = e 17505/t ¢ the

state, with wg = vBy, we can have:
Uy = c,e“0/2| |) + cre™“0t/2| 4) (1.13)

This is the so-called spin precession, and wy is the Larmor Frequency. It can be under-
stood by on the Bloch sphere the spin is rotation around z-axis at the frequency.

Now, we apply a time-dependent field B; cos(wt + ¢)Z along the x-y plane for coherent
control of the states. Let the sum Hamiltonian H,;,. = Ho + Hi:

wo/2 Bj cos(wt +
Hyp, =N o/ 7By cos( ?) (1.14)

By cos(wt + @) —wp/2

To remove the time varying term in it, we need to change our observation frame. Let

P = e wtHo/l and the resulting state is:
Ple R ) = [ih(t)), = ce ™02 |1) 4 cre™ o)t ) (1.15)

Note that the phase is not time dependent when w = wy, which means we are now in a
reference frame rotation around z axis at frequency wy. rf” means 'rotation frame’ For the
Hamiltonian, we can write the Schrodinger equation:

O (PP (1)

= P (P'HP) (P[4 (1))

oo op (1.16)
i d — | PTHP —inP'—
so in this frame, Hyy = PTHP — ih P22 and:
(wo — w) /2 1B1g—ie (1 4 o2(p+2wt)
He=h| o 2 ( ) (1.17)
%ew(l—l—e_“" “) —(wp —w) /2
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When B; < By, we can use the so-called rotational wave approximation and ignore the
2w terms, since it is rotating much faster than the driving frequency and get time-averaged
to 0. Define A = wy — w as the frequency detuning, and €2 = I'B; as the magnetic driving

field magnitude, we can rewrite:

AJ2 Leie

Hrf ~ h a
Qo0 —AJ2

(1.18)

this equation serves as the principle for the ODMR experiment mentioned in the previous

section.

Three-state System

Similar to the 2 state system, we now can extend our treatment to the 3 states, which
is the case for NV or divacancies when the |£1) degeneracy is broken, and the basis is now

{|4+1),]0),]—1). The Pauli matrices are now:

010 0 —i 0 10 0
§—1 101 ~§—1 i 0 "§—1 00 0 (1.19)
w—\/§ 7y_\/§1 —laz—\/§ .

010 0 i 0 00 —1

the Hamiltonian can be written in as:

H = HZeeman + HSS (1 20)

=yB-S+S-D-S

S = {5:,5y,5:}, D is the zero field splitting. When there is no external field like electric

or strain affecting, the Hgs = hDyS?, when we choose the divacancy axis as the z axis. The
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strain field interferes with the system through this term. Under a fixed-frequency strain field

driving, using the rotation frame, we can write the Hgg as:

ADy
1
Hss/h=5| Q 24D 9 (1.21)
Qb Qf  AD]

shown in Fig. 3.7, here €1, 3 are the single spin transition for Am, = =1, while the
interesting part is (o, where Am,; = £2, effectively |+1) <= |—1). This transition is
forbidden by selection rules in Zeeman effect. Detailed derivation is not focused in this
thesis, which can be found in [16]. Recent researches have proven the possibility of both

transitions, and the strain-spin coupling coefficients have been measured [29, 18].

|+1)

Figure 1.12. Three state oscillation under mechanical driving.

1.2.4 Comparison Between Acoustic and Microwave Control of Solid State Spins

In recent years, acoustic quantum control has shown capabilities similar conventional
microwave control. Here, I list recent works in this area and compare their achievements. The
main figures of merit are the Rabi frequency at certain power output and the spin coherence
time Ty (or so-called inhomogeneous spin-dephasing time). Because of insufficient research
in SiC, we investigate diamond works for example. Table 1.2, 1.3, 1.4 refer to publications

on spin control in SiV in diamond, ¥C nuclear spin in diamond (readout through SiV) and
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NV in diamond. The SAW devices for SiV exhibit Q of 1000-10000, and the HBAR for
NVs are of Q around 500. Although the numbers cannot be compared exactly, since the
measurement conditions are different for each work, it is clear that mechanical control is of
the same speed and power consumption as the traditional microwave control. In the SiV case,
acoustic control even has an edge in power consumption, due to the energy conservation from
an acoustic resonator. Interestingly, in [30], the authors use specifically designed microwave
antennae to focus more emission onto the sample area, thus enhancing the Rabi frequency
under the same driving power. In the future hybrid control quantum system, the acoustic
resonator can be combined with microwave antenna in design optimization, to bring the

figure of merit even higher.

Table 1.2. Quantum Control of SiV in Diamond

Method | Acoustic (SAW) [31] Microwave[32]
Spin Coherence Time (77) 33 ns (5.8K) 115 ns (3.6K)
Power Consumption vs Rabi frequency | 25 MHz at 1 mW 10 MHz at 1 mW

Table 1.3. Quantum Control of ¥C' Nuclear Spin in Diamond

Method | Acoustic (SAW) [33] Microwave [34]
Spin Coherence Time (77) 2 ms (200 mK) 6.8 ms (2 K)
Power Consumption vs Rabi frequency | 9.8 kHz (0.63 mW) 15 kHz (0.15 V)

Table 1.4. Quantum Control of NV in Diamond
Method | Acoustic (HBAR) [35] Microwave [30]
Spin Coherence Time (T2%) ~1 us (RT) ~1 us (RT)
Power Consumption vs Rabi frequency | 3.8 MHz (33 dBm) 22 MHz (33 dBm)

1.2.5 Loss Mechanism in Piezoelectric-Spin Resonators

To build an optimal piezoelectric resonator for spin application, the energy loss mecha-
nism must be understood. Fig. 3.12 shows the hybrid system with the piezoelectric material,

mechanical resonator and the spin.
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First, to induce resonance in the system, an electric signal must be applied to the piezo-
electric material. This step involves the loss from the electrode material due to heating and
damping. A lightweight yet low resistance material is needed. In addition, the electric circuit
on top must be designed such that the path is not too thin to cause high resistance yet not
too large to introduce a large static capacitance Cjy in the BVD model.

Second, the electromechanical coupling coefficient kt determines how much energy can
be transferred from the piezoelectric material into the substrate SiC/diamond. This process
involves the material and resonance mode selection [36, 37]. In the experiments herein,
AIN is used for exploring the resonance modes in various resonator designs because of its
outstanding performance up to high frequencies (GHz).

Third, the quality factor can indicate how much energy can be preserved in the resonator
after induction. Because the resonator cannot be completely isolated from its environment,
the impact of the resonator must be minimized. In this case, SiC and diamond have much
higher intrinsic Q than conventional silicon as a substrate material, but they remain prone
to loss from the surface, anchor, air and so on. To solve this challenge, specifically shaped
tethers, phononic crystals and substrate structures have been developed.

Finally, we are also interested in the phonon-spin interaction at the atomic level. Al-
though the resonator Q and k; can indicate the maximal energy that the system contains,
the mechanical wave is distributed across the entire device body. Meanwhile, in terms of
quantum control, single spin measurements are much more accurate and thus more desirable
than ensembles, because only a small volume in the resonator is required. In addition, the
spin’s location affects its stability and sensitivity, because of the influence of coupling of the
neighboring environmental spins. Thus, achieving precise control of the generated strain and
reaching a local maximum in terms of strain-spin coupling are crucial. For this purpose, we
must explore the resonance mode volume and spin direction associated with the strain.

Whereas a traditional MEMS application typically requires only one or two figures of
merit, in our spin coupling design, all these parameters must be considered. The work in this

thesis was aimed at implementing designs to address these issues from various perspectives.
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Figure 1.13. Energy pathway from piezoelectric material to solid state spins.
Multiple loss mechanisms are involved in this system.
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1.3 Thesis Outline

Chapter 1 of this thesis provides the background of my research and an introduction
to the platform that we are working on. Chapter 2 describes the cantilever and clamped-
clamped beam devices on SiC and diamond. Chapter 3 focuses on the lateral overtone bulk
acoustic wave resonators made on AIN-SiC system. Chapter 4 introduces the spin-strain
coupling measurement based on our SiC LOBAR platform. Chapter 5 demonstrates using
Fresnel acoustics in diamond/SiC Zone Plate resonator. The appendices include the SiC

fabrication techniques and the python codes in my Ph.D. work.
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2. SIC CANTILEVERS FOR GENERATING UNIAXIAL
STRESS

2.1 Introduction

Single crystal Silicon Carbide, especially the 4H polytype, has been a leading material
to build ultra-high-Q MEMS resonators [38, 9, 39]. Simultaneously 4H Carbide is touted
as a wafer-scale manufacturable “quantum material” due to its large coherence divacancies
(structural defects in the crystal that act as isolated spins) [40]. Previously high overtone
bulk acoustic resonators (HBAR) [39] and surface acoustic wave devices (SAW) [41] have
been fabricated on 4H-SiC, where the later was used to generate Am, = +2 spin transition
on the divacancies acoustically, which is forbidden using magnetic field.

However, there is a significant impedance (and size) mismatch between an acoustic
phonon mode and a divacancy defect. This inefficiency is overcome by driving the SAW
resonator at high RF drive power and achieving large force coupling between the acoustic
and spin domains [41]. In order to measure the back-action effect of spin-flips on mechanical
vibration modes, we need low-mass, soft resonators which can generate high uniaxial in-plane
mechanical stress. A Z-direction bending mode achieves the necessary high X-axis stress on
the top surface of the resonator base.

Recently membranes [42], perforated disks [43] and solid disks [44] have been demon-
strated using DRIE of 4H silicon carbide. The center-anchored solid disks have outstanding
Q > 10° but the back-side-only etched membranes have low Q (<500). The membrane
Q did not improve when cooled to 10K, proving that having an anchor along the entire
diaphragm perimeter was the dominant source of energy loss. Therefore, we adapted the
dual-side etching technique pioneered in Silicon micromirrors [45, 46] to define front-side
patterned and lithographically defined tethers and achieve high-QQ bending mode 4H silicon

carbide resonators.

2.2 Device Fabrication

Silicon Carbide mesas [47], beams [43], disks [44] and high-aspect ratio gaps [48] have

been demonstrated in 4H-SiC on Insulator (SiCOI) using oxide-oxide wafer bonding and
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DRIE etching using SFg/O5 and SFg/Ar chemistries. Doped SiCOI technology is ideal for
defining and isolating resonators and electrostatic actuators. In contrast, we need HPSI
carbide because the divacancies need to be in neutral charge state for quantum control
experiments. This is only possible in semi-insulating materials because the defect states lie
near the middle of the band-gap [49]. But semi-insulating property makes it challenging
to implement electrostatic transduction [50]. Furthermore, a Silicon substrate would lead
to thermal mismatch delamination issues during low-temperature testing, while using a SiC
substrate would make it difficult to isolate defects in resonator layer from defects in the
substrate.

The dual-side process flow for resonator fabrication eliminates the substrate thereby
bypassing the challenging SiCOI wafer manufacturing steps. The HPSI 4H-SiC wafers are
purchased from CREE with an orientation of <0001> and resistivity 109 Ohm-cm and wafer
thickness of 500 microns. The wafer is first thinned by NovaSiC to 200 microns by mechanical
grinding and polishing. Standard solvent and Nanostrip cleaning protocols are done followed
electron beam evaporation of a thin layer of Ti/Au to serve as a seed layer for nickel etch
mask electroplating on both sides of the wafer. The backside of the wafer is spin-coated with
photoresist AZ 9260, baked, and UV exposed on Karl Suss MA6 Mask Aligner to define the
backside trench. This is followed by 9 um thick nickel electroplating using nickel sulfamate
solution while the front-side is protected by photoresist.

After backside plating, the wafer is soaked in PRS 2000 and solvent cleaned to dissolve
and clean the photoresist residues. The front side is then spin coated with AZ 9260 and
patterned for nickel plating using backside alignment features of the mask aligner. The
backside is protected with adhesive clear tape while plating the front side. A minimum of
4 um of nickel is deposited. After electroplating, the photoresist is dissolved, and the wafer
solvent cleaned for deep trench etching. The backside etch is carried out first using Panasonic
E620 ICP/RIE etcher. The sample is attached to a 6-inch carrier wafer using crystal bond.
4H-SiC is etched in SF6 and Ar chemistry using RF power of 1000 W, a bias power of 40 W,
and pressure of 1 Pa. The etch rate is measured to be 100 nm/min. The backside is etched

to a depth of 190 um and then the front side is etched to 10 um to release the cantilevers
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(Fig. 5.1). After dissolving and stripping the nickel mask, further blanket etching can be

performed to fine-tune and achieve the desired resonator thickness.

(a) Depositing seed layer (TiAu) (b) Patterning Photoresist AZ 9260
—
200 pm 4H-SiC
(c)  Nickel mask plating T (d) Stripping photoresistseed layer

eenlees !l —
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Figure 2.1. (Left) Dual-side multi-level fabrication process to manufacture
SiC resonators. Nickel masks are defined on both sides prior to etching. The
slow etch rates ensures no footing effect at the base during the 190 um backside
etch. After release Nickel and seed layer are stripped leaving behind pristine
SiC resonators; (Right) SEMs of clamped-clamped beams (a) and cantilevers
(b). The sidewalls are smooth no micro-masking because we reduced the etch-
rate compared to [47]. Small diaphragms are left at the anchor after front-side
release, potentially undermining the Q.

2.3 Experimental Results

The Silicon Carbide chip is mounted on an axial PZT actuator using copper tape. The
same is positioned inside a Karl Suss vacuum probe station (10~ Torr) and the motion of the
cantilevers is detected by LDV while the PZT substrate is ultrasonically driven by a signal
generator built within the LDV (Fig. 5.2). We use the LDV together with a Zurich lock-in
amplifier to obtain wide frequency response of the SiC cantilevers. We map the measurements
to COMSOL simulations to identify different harmonics and mode families. Fig. 5.3 shows
the cantilevers fundamental and higher harmonic modes of vibration. Horizontally moving
vibration modes are not seen here because the PZT only generates stress waves in the vertical
direction. Fig. 5.4 shows the ring-down response of the cantilever’s fundamental bending

mode at 312.5 kHz, demonstrating a measured Q of 12576 on a Keysight oscilloscope.

37



| LDV

Signal
Generator

PZT

Vacuum Chamber

Figure 2.2. LDV setup to characterize resonators in vacuum. The drive
stimulus is provided by a bulk PZT actuator to the resonator chip.
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Figure 2.3. Broad band spectrum response of a 300 um long cantilever to

a random number driven stimulus showing the fundamental and harmonic
bending modes.
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Figure 2.4. Cantilever ring down measurement in vacuum, achieving a me-

chanical QQ of 12,576 at 312 kHz in spite of the non-ideal anchor seen in Fig.
5.1.
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According to Euler—Bernoulli beam theory, the maximum stress in a cantilever’s funda-
mental bending mode is located at the anchor point on the beam’s both surfaces, which can

be written as:

3Eb

|Tmax| - ﬁz

(2.1)

Here E is the Young’s modulus of 4H SiC, b is the thickness of the cantilever, L is the
length, and z is the tip displacement of the cantilever.

The divacancies in silicon carbide demonstrate outstanding coherence at low temperatures
[49]. At this temperature, there is an upper voltage limit of how hard we can drive the PZT. It
is important to reduce the mechanical stiffness and increase mechanical motion by increasing
mechanical Q in order to achieve the largest displacement for a given fixed drive amplitude.

We actuated the PZT using a 3V sine wave near the mechanical resonance and measured
the tip-displacement of one cantilever of 52.3 nm. This beam is 140 um long and 10 um
thick. The mechanical stress at the base of the resonator is calculated to be 20 MPa from
equation (1) despite having a mechanical Q of just 2578. We further thinned the resonators
all the way down to 5 microns thick and thinner. However as shown in Table 2.1, the PZT
ultrasonic device does not couple strongly to the thin resonators. Even though we measured
10X higher mechanical ), the absolute displacement was 10X smaller.

While other stress generators like tuning-fork resonators have higher Q, they do so by
canceling stress moments at the anchor, an undesirable property since we need the high stress
to couple to divacancy spins. The cantilever base top-surface has in-plane X-axis stress,

making them ideal resonant actuators to study phonon-spin interactions with divacancies.

Table 2.1. Summary of measured quality factor, Z displacement and calcu-
lated anchor stress for cantilever resonators of different dimensions.

Tongth (wm) \Efsa??tﬁz) Height (um) Freq (MHz) Q | Z Motion (nm) | Stress at Anchor (MPa)
140 20 10 1.848 2578 52.3 20.01
300 25 5 0.382 10273 7.9 0.33
350 15 5 0.448 6587 9.2 0.28
300 15 5 0.287 10975 8.1 0.34
300 10 5 0.299 6560 7.6 0.32
234 20 3 0.083 34963 4.4 0.18
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2.4 Conclusion

We have successfully demonstrated the use of HPSI 4H-SiC in the fabrication of cantilever
resonators by using a dual-side ICP-DRIE etch process. The cantilevers have quality factors
> 34,000 in vacuum, however, consistently achieving anchor stress > 10MPa is still elusive.
Work is currently underway to characterize resonator surfaces after etching and improving
the efficiency of PZT ultrasonic driving of thin resonators. Most importantly the divacancies

on the top-surface of the resonators are preserved by the dual-side fabrication process (Fig.

5.5).
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Figure 2.5. Photoluminescence of divacancies of a clamped-clamped res-
onator from Fig. 5.1. The divacancies are excited with a 976-nm pump laser
before PL is collected at cryogenic temperature. The bright yellow areas on
both sides of the beam indicate a larger quantity of color centers near the
anchor and on the chip base, which increases with the bulk SiC thickness.
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3. SUBSTRATE-LESS SILICON CARBIDE LATERAL BULK
ACOUSTIC WAVE RESONATOR WITH REDUCED
DISSIPATION

3.1 Introduction

Silicon Carbide (SiC) has been a promising candidate for the next generation MEMS
material as a replacement for silicon. SiC retains its high hardness and elasticity at high
temperatures, has a high thermal conductivity and is chemically inert, making it suitable for
use in unconventional MEMS applications, such as aerospace, military, as well as quantum
computation and sensing, where we urgently need MEMS devices to be able to operate at
extremely high temperature (above 300°C [51]) or cryogenic (below 4 K [41]).

To utilize these properties of the material, MEMS researchers have applied SiC in a wide
range of platforms, including SiC cantilever with PZT actuation [52], High overtone Bulk
Acoustic Wave Resonator with semi-confocal lens (SCHBAR) [53], capacitively driven disk
resonator [44]. Yet various material processing and device fabrication challenges continue to
persist. For instance, low yield of SCHBAR devices made on mm size slabs makes it difficult
to realize wafer size production. In the cantilevers made by Boyang, et al. and the disk
resonators on phononic crystal (PnC) substrate by Ayazi, et al., the actuator for the MEMS
resonator is not directly integrated into the design, but involves wire bonding to outer source,
which miss the chance of utilizing the latest development in MEMS piezoelectric materials.

The Lateral Overtone Bulk Acoustic Wave Resonator (LOBAR) devices made by Song-
bin, et al.[54] has so far shown great resonance performance and are easy to fabricate on a
wafer scale. Yet limitations exist in the work and need further development. The fabrica-
tion is based on 3C-SiC, as it is the only SiC polytype that can be epitaxially grown on a
silicon substrate. This limits the device’s ability to be integrated with other applications
such as MOSFET, MESFET and quantum computation, where 4H and 6H SiC shine [55].
In a SiC-Oxide-Silicon stack, the SiO5 and Si also exhibit higher intrinsic damping than SiC,
becoming a source of substrate loss.

In terms of characterizing these devices’ performance, quality factor (Q) reflects how

much energy is stored in resonance versus the part lost to the system. A higher Q indicates
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less energy dissipated. Whether MEMS resonators are used as filters, oscillators or sensors,
Q often determines the overall efficiency. A concise summary of loss sources affecting the

mechanical system’s Q can be written as Equation 3.1

N B
Q Qmaterial Qexte’/‘nal

11 Lo, 0 1)
Qmaterial QAKE' QTED Qdielectric ‘

1 1 1 n 1 1

= + +
Qe:vternal qurface ans Qanchor Qextra

Here these factors can be categories into material-related and external resonator design
related. Q) ax g represents the phonon-phonon scattering in a material, decided by the in-
trinsic material property and temperature only. SiC is one of the best performing material
known, giving a frequency-Q (f-Q) product of 6.4 x 10 [23] in Akhiezer (AKE) regime.
Thus it is not the main problem we are facing in SiC platform. QQ7gp represents the thermo-
elastic dissipation, which also involves material constants plus the strain distribution in the
resonance modes, again SiC has been proved to be a outstanding candidate here [44]. The
dielectric loss (Qgielectric) can be reduced by carefully selecting the micromachining process
and stacked layers [56]. As for the design related loss, surface loss (Qsur face) can be reduced
by post-process like annealing [57], gas damping (Q4.s) will be eliminated by vacuum pack-
age. Yet the anchor loss (Qges), by which the mechanical energy leaks into the resonator
substrate, remains an active design challenge, especially when we migrate from silicon to
novel materials, traditional solutions need to be revised or replaced with new fabrication
techniques.

At a closer examination on the issue, the Qunchor is determined by 2 parts corresponding to
the structure: the tether, and the supporting substrate which the tether is directly connected
to. As we can see in Fig.5.1(a), typical MEMS resonators are built on Si on insulator (SOI)
structure. In this way, mechanical dissipation is radiated into the tether and further into
both the wafer layers outside and the substrate layer right under the device.

The tether design has been widely studied. Besides conventional \/4 length requirement,
people have integrated phononic crystal [58] into it so that the energy cannot leak through

the forbidden band. Notably, Reza, et al invented an acoustic reflector which can reflect part
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Figure 3.1. (a) Traditional MEMS resonator design cross-section with SOI
technology. The mechanical wave leaks through the tether to both the outer
region and the substrate mass right under the device area. (b) Our design
where the damping mass under the device is etched away, and Mesa Reflector
cuts off radiation outwards
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of the escaping wave back into the resonator. For the surrounding substrate volume, there
are multiple papers looking into this matter too, such as placing the device sitting on top of
a phononic crystal substrate [44], and building Mesa isolating trenches [59]. However, as the
device layer and substrate layer consist of different materials which require specific fabrica-
tion technology, these promising tether and substrate designs are difficult to be integrated
together to achieve the maximized QQ boost.

Here, we are reporting a new MEMS isolation technology based on a new fabrication
process we developed shown in Fig. 5.1(b). We used the process to make substrate-less
LOBARs based on a single 4H SiC wafer, with no additional substrate material needed. As
a result, we eliminate the damping mass under the resonator area, and further extended the
acoustic reflector into the thickness of the whole wafer. This type of new design achieves a
similar effect of the Mesa isolation at depth while also performs the traditional reflector rule
on the surface wave on the device height, thus we call it Mesa Reflector. To test the effect
of the isolation, we choose LOBAR as the platform, for its extremely high Q nature at high
frequency, so that any change on it can be observed clearly. However, this technique shall
be able to apply on any MEMS resonators with similar anchors.

In the work, first, the design principles and simulation will be introduced, followed by
detailed fabrication process. Then electrical transmission measurement shall be presented.
We will analyze how the Mesa Reflector improved the overall performance on the LOBAR

devices. Finally, we will discuss the limitation as well as possible improvements of this design.

3.2 Design and Simulation

An 3D illustration for the device we made is shown in Fig. 5.2. Here we shall split the

explanation into the resonator (LOBAR) part and the anchor (Mesa Reflector) part.

3.2.1 LOBAR

The detailed design parameters for LOBAR are well studied in [60]. In this work, we
mainly use the following as they are shown in Fig. 5.2: (1) Wropag, width of the LOBAR;
(2) Lropag, length of the LOBAR; (3) topar, thickness of the SiC layer in LOBAR device;
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Figure 3.2. 1/4 of the LOBAR resonator connected to the anchor area.
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(4) dipr, gap between the center of the interdigital transducers (IDT); (5) N, IDT finger
numbers. The tether design will be discussed in the next section. For simplicity of the
experiment and fabrication, we fix Wrogar = 300 um, and IDT finger number as 4. Among
the rest of the parameters, d;pr determines the central resonance frequency of the LOBAR,
while L;opar decides the distance between neighboring overtone modes in frequency. t;opar
affects the coupling strength of the piezoelectric material and SiC layer. In order to find out

an optimal design, we run COMSOL simulation in 2D for the LOBAR modes.

(a)
- WL M e"TN
(b)
TN

Figure 3.3. COMSOL simulation of the LOBAR device eigenmodes displace-
ment (a) a 10um thick LOBAR operating at 450 MHz, the acoustic wave failed
to penetrate the whole SiC layer. (b) a 10um thick LOBAR at 300 MHz, the
mode is working as intended throughout the SiC depth.

The simulation result shows that, the thicker the SiC is and the higher the frequency is,
the more difficulty LOBAR mode will have to penetrate the whole thickness. As it is shown
in Fig. 5.3, when the target frequency for the IDT goes too high at given a SiC thickness,
the resonance cannot form a complete standing wave across thickness and become diffracted
around the volume. Given this result and consider the fabrication yield of our process which
will be introduced later, we decide to target the SiC thickness around or slightly below 10
um, and working frequency at 300 MHz. These correspond to d;ypr = 20.8 um at half of
the wavelength, and we fix Lyopag at 2 values: 1665 um for 40 overtones, and 83 um, when

it becomes a simple lateral bulk acoustic wave resonator without overtone. To distinguish

the two, we will call the former LOBAR, and the latter LBAR (Lateral Bulk Acoustic Wave
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Resonator) in the chapter. Given a 12,500 m/s longitudinal acoustic velocity in 4H-SiC [61],

we shall expect the frequency distance between two overtone modes to be

Af=—"—

- — 7.5 MHz, (3.2)
Liopar

3.2.2 Mesa Reflector

A typical mesa in semiconductors is a region where the device stands above the substrate
around it. This structure can be formed using chemical etching or reactive ion etching (RIE)
[62]. In our case however, there is no individual substrate layer, so our trench for the mesa
goes as deep as the wafer itself. As such, the design serves dual purposes:

(1) For the acoustic wave travelling on the top surface level of the wafer, the reflector can
turn around the wave 180° back into the resonator volume, which is already well understood
by researchers like in [63]. In this application, if we treat the leaking wave from LOBAR as

a spherical wave travelling into the wafer, from wave interference we can see that:

Rma:p:N'%aN:1727"'

» (3.3)
Rmin:N'§+Z7N:1727"'

Here R,,.. is when the standing wave in the LOBAR and the reflected wave add up to
improve the Q, and R,,;, causes them to cancel each other, resulting in a lower Q.

One question remains unclear from the previous research however, is where the wave
radiating from the resonator body centers at. Because we have a tether supporting the
resonator, the length of it is non-negligible . As Fig. 5.4 suggests, in order to study this,
we have designed arc reflectors centering either at the outer or the inner edge of the tether.
R,f is also varied by a A/4 step on each design so that we can confirm the enhancing or
canceling by the reflected wave.

Another design point of interest is the bottom electrode in the LOBAR. Previous study
[64] suggests that a floating bottom electrode in the lamb mode resonator might be beneficial

to Q and improves the overall device performance. So far all of the LOBAR resonator studies
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Figure 3.4. Reflector’s center can be varied between (a) inner side of the
tether and (b) outer side of the tether
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were done on a grounded bottom electrode. Here we add a set of floating bottom electrodes,
in order to observe their effect on LOBARs.

(2) Because of the depth of the trench in the Mesa and our fabrication techniques, besides
the wave travelling horizontally out of the device, we can eliminate the acoustic wave leaked
to the damping mass under the device and those who can diffract at and thus bypass a
shallow reflector just on the device height. To fully capture the effect of such design, we use
COMSOL Multiphysics® software on a 2D simulation.

In the simulation, we set a total wafer thickness of 200 um, and build the resonator
according to the parameters discussed in the previous section. For the simplicity of damping
factors, we do not use silicon dioxide layer and silicon substrate in the model, but a whole
wafer based on SiC, AIN and metal electrode layers. As Fig. 5.5 suggests, our Mesa Reflector
setup not only avoids leakage into the wafer horizontally, but also removes the standing wave
traditionally formed in the substrate under the resonator.

Based on this, from the definition of Q:

Estored
2T ——— 3.4
Q Edissipated ( )

Since the Mesa reflector can confine more energy inside the resonator body instead of dissi-

pate it, we shall expect a QQ improvement in the RF measurement.

3.3 Fabrication

We fabricate the SiC LOBAR devices starting from a 500 um thick Semi Insulating 4H-
SiC wafer purchased from Cree Inc. The wafer is then thinned down to 200 um thick by
chemical mechanical polishing (CMP). The detailed process is shown in Fig. 5.9(a): (1) a
Mo-AIN-Mo stack is deposited by OEM Group Inc. on the whole wafer, where each Mo
layer thickness is 100 nm and AIN is 1 um. After that, we perform optical lithography
with a MLA150 Maskless Aligner made by Heidelberg Instruments, which enables sub um
level precision without the tedious electron beam lithography process. (2) The Mo-AIN-Mo
stack is etched by inductively coupled plasma reactive-ion etching (ICP-RIE) with a mixture
of BCl3/Cly/Oy gas. The etching can be controlled accurately to stop on the SiC surface,
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Figure 3.5. Total stress (N/m?) in symmetric cross-sections along the tether’s
direction of different resonator setup : (a) Mesa Reflector. The mechanical
wave only stay in the Mesa island near the resonator; (b) Mesa Reflector but
with the damping mass underlying the LOBAR. The mechanical wave forms
a standing wave under in the damping mass region, which lowers the energy
concentrated in the resonator part; (¢) With no reflector. A perfectly matched
layer (PML) is added to the right side to simulate substrate loss. Acoustic
energy is leaking both to the right side and downwards into the wafer.

o1



because SiC is resistant to chlorine-based chemistry and have a low etch rate compared with
Mo or AIN. (3) The top electrode is defined by Cl; and Oy based ICP-RIE. AIN does not
react actively with these two gases but BCls, so this etching can be stopped on AIN easily.
(4) For the hardmask of the following SiC etching, we deposit a 4 um thick Nickel (Ni)
hardmask with electroplating technique developed in our previous work [52] on the back
side, while we use evaporation to form a Indium Tin Oxide (ITO) thin layer (600 nm) as the
etching mask from the front side of SiC. (5) The ITO layer is patterned by photoresist as a
soft mask, then etched by Cly based ICP-RIE, in order to define the releasing window for
LOBAR. (6) From the back side, the SiC is etched with SFg and Ar gas in STS AOE Deep
Reactive Ion Etch (DRIE) system. The etch rate is about 15 um/hour. We run the etching
at timely interval and actively measure the etched depth during the process. The etching is
stopped when it reaches 190 um, leaving a 10 um thick SiC membrane to be released. This
step effectively removes the damping mass under the resonator. (7) Turning over the wafer,
we perform another DRIE on the front side of the wafer for 10 um until the LOBAR device
is released. (8) Finally, we dissolve the ITO with 1:5=HCl:Hy, diluted hydrochloric acid and
leave the backside Ni mask on as it does not affect our measurement.

For the Mesa Reflector, the front 10 um and back 190 um etching process is applied at
the same time when the LOBAR is being released. In this way we can etch through the
whole 200 um thick wafer to make trenches for the Mesa Reflector.

It is worth noting that, because of AIN deposition difficulties on the bulk 4H-SiC wafer,
we do not have a patterned bottom electrode to maximize the design benefit from study
like [65]. Furthermore, it causes a problem that the signal pad in our GSG (ground-signal-
ground) probe pads has a full Mo-AIN-Mo stack. Together with the 200 um thick SiC sitting
under it, they formed a high overtone bulk acoustic wave resonator (HBAR) as it is shown
in Fig. 5.9(b) left. These series of modes can become a major noise source in the LOBAR
measurement. To counter this, we create a SiC etching trench right under the signal pad
during our backside DRIE, shown in Fig. 5.9(b) right. The window serves dual purpose.
First, since the SiC is much thinner than the bulk wave, the HBAR resonance frequecy is
shifted to much higher value, thus the direct overlapping with LOBAR modes is avoided.
Also, when the etching window is so small (the signal pad is 100 by 100 um), the DRIE will
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create a domed surface due to etch rate difference from the center to the edge, which becomes
a convex mirror for the incoming vertical acoustic wave from the piezoelectric layer, reflecting
it out of the HBAR mode volume. In this way, we can lower the energy concentration of
HBAR modes and in turn improve the Q of the LOBAR modes.

The final devices are inspected by Hitachi S-4800 Field Emission SEM. The images are
shown in Fig. 3.7. The SiC LOBAR is successfully released using our front-back side etching.
One difficulty in fabrication is that the main LOBAR release window are much larger than
the Mesa Reflector in area, resulting a different DRIE etch rate in these two regions. Since
back side etching has to define the thickness of LOBAR, we overcome the issue by extending
the front side etching with ITO hardmask. Even with a thin layer of 600 nm, the ITO
shows a selectivity of 1:50 over SiC, allowing a farther etching to 20 um. However, there are
limitations in the currently fabrication. In the enlarged part of Fig. 3.7 (a), even though the
ICP-RIE on AIN with BCl3 can stop on SiC, it still leaves a rough surface due to heavy Cl
atom bombardment. Also, in Fig. 3.7(c), a rather significant lateral etch during the DRIE
can be seen, leaving a thin membrane on the edge of the releasing windows. These issues

will need to be addressed in our future development.

3.4 Characterization

The RF measurement is conducted on a Cascade Microtech 11971B Probe Station with a
Keysight N5230A PNA-L Network Analyzer and 2 Cascade Microtech ACP40 GSG probes.
To begin with, the LOBAR devices’ transmission plot with the best measured Q are presented
in Fig. 3.8(a) and (b). We realize a 22% improvement on Q in the reflected LOBAR mode.
In (c), the reflected LOBAR is measured to have increased QQ around 300 MHz, but the modes
quickly decline and even vanish below the measurement noise floor outside a 100 MHz wide
range. Meanwhile, the normal LOBAR displays a lower Q at the central frequency, but
overall more stable response across the whole measurement spectrum. This phenomenon
will be further explored in the last part of the chapter. The (f-Q) product of the device
is 1 x 10'2) which is lower than previous devices made in [66]. This is mainly due to our
device thickness being much thicker, and the DRIE micromasking formed during our etching

increasing the surface loss. Nonetheless, this QQ performance is high enough for us to explore
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(a) (1) Mo-AlN-Mo deposition (2) AIN/Mo dry etch

(3) Top Mo dry etch (4) ITO/Ni deposition
(5) ITO dry etch (6) Bottom SiC dry etch

(7) Top SiC dry etch (8) ITO removal

(b) G S G G 5 G

Figure 3.6. (a) Fabrication process for the SiC LOBAR resonator. (b) HBAR
modes under the signal pad and their removal.
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Figure 3.7. (a) Front side of a released LOBAR. The enlarged picture shows
SiC surface damage during the AIN etching. (b) Front side of the released
LBAR. From the top we can see clear smooth etching trenches of the 200 um
SiC wafer. (c) Back side of the LOBAR. The Mesa Reflector goes through the
whole wafer and has opening on both side of the wafer. The bulk SiC under
the signal pad is also etched with the small square trenches shown.
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multiple design parameters provided in this work below We will divide this section into

measurement results featuring each of the innovations in detail.
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Figure 3.8. (a) LOBAR without Mesa Reflector. (b) LOBAR with Mesa
Reflector, R,y = 1.5\. The reflector is frequency-sensitive. It suppresses the
Q of modes away from 300 MHz. (¢) Q measured in the overtone modes on
both devices.

3.4.1 Signal Pad HBAR Mode Removal

First we compare two LBAR devices with the signal pad underlying etching described in
the Fabrication section. The RF measurement is displayed in Fig. Here we use Lorentz peak

fitting [67] to determine the Q value. 3.9. The etching trench improves the Q) of the device.
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Looking closer in detail, From (c) S;;, we measure the gap between HBAR overtones to be

around 30 MHz, which agrees with the theoretical calculation:

f . vsic . VSiC’ . 12500rn/s
N 2sic 2x200 x 10-%m

= 31.25 MHz (3.5)

This confirms the modes to be HBAR modes under the signal pad, while in (b) they are
suppressed by the principle explained in Fig. 5.9 (b). With this result in mind, we are

confident that the following LOBAR characterization will not suffer from this noise.

3.4.2 Floating vs Grounded Bottom Electrode

As it is mentioned in the design section, we fabricated resonators with bottom electrode
cut open from the ground pad for GSG probes, so it can be left floating. The measurement
is presented in Fig. 3.10. Different from the result in Lamb wave resonators [64], here both
LBAR and LOBAR show that a grounded bottom electrode works better in terms of Q and
power transmission than its floating counterpart. In particular, the LOBAR transmission
suffers extremely high loss from the floating electrode, suggesting that it is not enough to
drive the much larger and heavier bulk SiC layer to resonance, compared with the LBAR
or Lamb Wave Resonators where the AIN and SiC are of equal size. Using this knowledge,
the rest of our devices are all made on a grounded bottom electrode to enable higher ) in

studying other design parameters.

3.4.3 Reflector Center and Radius

To study the effect of the reflector design, we fabricated the the trenches with variable
radius as well as different centers mentioned in Fig. 5.4. In order to minimize the fabrication
error in the experiment, we fabricated each of the comparing group of objects sitting close
to each other on the wafer, so during the DRIE they are under a similar environment.

First, we use LBAR to study the effect of Mesa Reflector on a single mode resonator,
because the close overtone modes in LOBAR makes it difficult to perform accurate mea-
surement on the Q. In Fig. 3.11, we measure the average Q of the series of devices based

grouped by their reflector radius. Note that we cannot start with R,.; closer than 1.5\ due
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Figure 3.9. (a) So; of the LBAR with and without the etching trench under
signal pads. (b) Sy of the device with the trench. No HBAR mode can be
observed. (c) Si; of the device without the trench. HBAR modes can be
seen from the figure, and the gap is about 31 MHz, which agrees to the wafer
thickness of 200 um

o8



S21 (dB)

200 225 250 275 300 325 350 375 400

Q=2490 ==)

_60 4

S21 (dB)

_80_

—— Ground
—— Float

200 225 250 275 300 325 350 375 400
Frequency (MHz)

—100

Figure 3.10. (a) Sy of the LBAR devices with grounded vs floating bottom
electrodes. (b) Sa; of the LOBAR devices with grounded vs floating bottom
electrodes. The mode with highest Q in each device is marked.
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to electrode routing. Periodical oscillation of the  is found when the radial center is at the
outer side on the tether, as Fig. 5.4(b) shows. When the center is on the inner side, we do
not observe such change, but only a general decline of Q when R,.; increases. This can be
explained by an increasing energy leakage into the wafer as the Mesa Reflector moves away

from the device. Having this knowledge, we apply the outer reflector design to our LOBAR

devices in the next step.
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Figure 3.11. (a) The measured average ) shows periodic variation when the
reflector is centered at the outer edge of the tether, but it has no such trend
when the the radial center is in the inner tether edge. (b) Sa; of a series of
LBAR devices. Green and blue devices are at the optimal radius, while the
yellow one is at the quarter wavelength causing signal canceling.
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Meanwhile, we also measured the LOBAR devices with Mesa Reflector. Because there
are overtone modes across the whole 200-400 MHz spectrum, the measurement effectively

becomes a Fourier analysis of the reflector. The modulation can be expressed as:

y = Acos <2n1§72f>

= Acos <4nRref )

AT R;e
= Acos (nf f)
v
In addition, because the LOBAR has a center frequency f. = 300 MHz defined by IDT gap,

the closer a resonance is to the center, the stronger it tends to be. We can add a secondary

exponential decay to the function so that in total:

47[Rre f

y = Acos (vf) k=S (3.7)

Here, A is the modulation strength, v is the acoustic velocity in SiC, f is frequency, k is
a normalized constant. In the previous LBAR analysis, we treat R,.; as the variable at a
given mode, however, in LOBARs, given a fixed device’s R,¢f, we now treat frequency as the
variable. Using this equation, we plot the So; of the LOBARSs with various reflector radius
in Fig. 3.12. Although the modulation function may contain error from inaccuracy of the
acoustic velocity, from the plots, we can still observe a strong modulation effect based on
the frequency-radius relation. The LOBAR overtone modes will get enhanced or suppressed
based on phase of the modulation function in the corresponding range. In the enhanced
region, the transmission is stronger and tends to have higher () modes. This discovery can
solve a fundamental problem with LOBAR devices: Traditionally, a LOBAR has so many
high Q modes sitting close to each other in the frequecy domain, that they tend to coupling
to each other and thus decrease the energy efficiency in signal processing. While it is possible
to design an electrical circuit to attach to it [68], a mechanical modulator with zero power
consumption is certainly favorable. Similar to the reason why researchers moved from HBAR

to thin-film bulk acoustic resonator (FBAR) for fewer but higher Q modes, using this idea,
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we can potentially select several extremely high Q LOBAR modes across a wide frequency

range and use them as the fundamental mode for filter design.

3.5 Discussion and Conclusion

We have successfully developed a new fabrication technology on 4H-SiC/AIN platform
that allows bulk acoustic resonators to be made without additional substrate material.
HBAR mode caused by the signal pad on the wafer is removed by DRIE undercut of the SiC
under the pad. Using this innovation, we design, simulate and fabricate a 3D Mesa Reflector
which combines the benefit from both mesa isolation and device layer level reflectors. Q im-
provement is observed on both LOBAR and LBAR resonators we make. We also investigate
the real radial center of the reflector as well as the effect of a floating bottom electrode for
LOBAR, which was previously unclear.

Future improvement of the work can be done on the SiC etching. Protecting the etched
profile from micromasking and thinning the device further will be the keep to achieve higher
Q. Further, novel piezoelectric material like Lithium Niobate [69] and Scandium-doped AIN
will enable a greater future for SiC based acoustic resonators.

Furthermore, we realize a mechanical modulation of the LOBAR overtone modes based
on the reflection. A math model is used to fit the modulation effect. With this discovery,
we can selectively excite few modes of a resonator while suppressing the rest. This enables
a future improvement on overmoded acoustic resonators not limited to LOBARs. Also,
our fabrication technology allows us to expand our ability beyond reflectors. In the work
done by Hailin, et al.[70], a diamond Lamb wave resonator was soaked in the bath of PnC
structures. However, diamond’s high cost make it hard to use in MEMS industry. With our
etching technique, a wafer level phononic crystal will be achievable for the first time on SiC

material, and it will bring us one step closer to eliminating anchor loss in MEMS resonators.
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Figure 3.12. (a) LOBAR without Mesa Reflector. The resonance modes
are distributed rather evenly across the range. (b)-(d) LOBAR with radius-
varying Mesa Reflectors. The modulation effect changes based on the selected
radius. In the enhanced region there are more high ) modes than outside.
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4. STRAIN MAPPING ON FLEXURAL MODE SILICON
CARBIDE MECHANICAL RESONATOR WITH
PHOTOLUMINESCENCE

4.1 Introduction

Lamb wave in solid materials was first discovered by British mathematician Horace Lamb.
The wave is propagating along an infinite solid plate in x-y direction, and a thickness of d
in z direction. When we assuming sinusoidal solutions to the wave function, we can write x

and z displacement as:
€ = Axfx(z)ei(wt—k:p)

(= A:fa(z)etterr) (4'1)

When we consider the z direction stress on the top and bottom surface of the plate is 0,

when z = £+d/2, we can find characteristic equation as such:

tanh(8d/2) _  4apk?
tanh(ad/2) — (k2+52)° 4.2
tanh(3d/2) _ (F+6%)° 42
tanh(ad/2) —  4apk?

The first equation is for symmetric modes and the second one is for asymmetric modes.

Here,

E (4.3)

¢; and ¢; are the longitudinal wave and shear wave velocities. As it is revealed from
the solution, Lamb wave modes are made of the symmetric extensional mode (.Sp), the
asymmetric flexural mode (Ap), and other higher order modes by mixing these two.

In MEMS researches, optical vibrometry has been widely used as a method of character-
izing MEMS resonance in real time. Laser Doppler Vibrometer [71], photoelasticity effect|72]
and ultrafast laser imagining [73] have been applied to MEMS devices, to capture the surface
motion when the acoustic wave is propagating. However, such techniques have limitation

that they can mostly image the surface vibration, but not inside the resonator bulk cavity.
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In this way, they can be only used in surface acoustic wave or very thin devices. Inter-
ests remain for probing the strain distribution inside an acoustic resonator, for optimizing
parameters including the quality factor and power handling capabilities.

Silicon carbide (SiC) lamb wave resonators have shown great potential with high quality
factor, high piezoelectric coupling coefficient [74, 54]. Previously, our group has made high
Q SiC lateral overtone bulk acoustic wave resonator (LOBAR) based on Aluminum Nitride
(AIN) on 4H Semi-insulating Silicon Carbide [75]. In such platform, we demonstrated an
extensional mode resonator with a Q of over 3000 at 300 MHz.

Naturally, our interest is also on the Ay mode, since it may have higher piezoelectric
coupling coefficient (K7?) and Q when the LOBAR is thicker[76]. In such case, more energy
would be transferred from the piezoelectric transducer into the SiC resonant cavity. Thus
the strain-spin coupling effect would be stronger and easier to observe. By measuring the
strain-spin coupling across the whole resonator region, we can effectively map the strain
intensity distribution across the cavity. Given that the spins distributes both on the surface

and deep inside the SiC, we could achieve a 3D probing of the flexural mode in LOBAR.

4.2 Design

In Figure 4.1, COMSOL simulation gives the mode shape of Ay and Sy mode in a LOBAR
resonator, with the same dimension as the one used in [75]. The resonator is made of a
10um thick SiC rectangle plate, with 1600um length and 300um width. In the center the
AIN transducer is sandwiched by Molybdenum electrodes.

I use COMSOL to simulate flexural modes that can be used for the spin-strain cou-
pling experiment. I identify 2 modes of interest at 87.5 MHz and 114.5 MHz. The strain

distribution of these modes are plotted in Figure 4.2

4.3 Fabrication

The fabrication process flow is identical to Figure 3.6. The detailed description can be
referred to Section 3.3. Compared with the fabrication in the last chapter, we have optimized

the dry etching recipe for the SiC, thus the surface quality has been improved.
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Figure 4.1. Displacement of the LOBAR around the center of (a) Ay and (b) Sy mode.
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Figure 4.2. COMSOL simulation: strain distribution of the flexural mode
around the LOBAR’s center region at (a) 87.5 MHz and (b) 114.5 MHz.

67



The SEM images of the fabricated devices are shown in Figure 4.3. Compared with
previous devices, the surface roughness and dimples have been greatly reduced. This allows
the device to operate with lower acoustic loss, and reduces the optical scattering for the spin

measurement.

4.4 Characterization

The 2 port electrical measurement is done on a Cascade Microtech 11971B Probe Station
with a Keysight N5230A PNA-L Network Analyzer connected with 2 Cascade Microtech
ACP40 GSG probes. The S21 measurement of one device is shown in Figure 4.4

To extract the QQ of the modes, I use a Lorentzian peak fitting on the Sy; data. A Q of
3371 is achieved in one of the overtones, which is consistent with previous work [75].

To use the LOBAR on the strain-spin coupling experiment, another chip with LOBAR
from the same design is selected and sent to Evelyn Hu Group at Harvard University for
the spin-coupling measurement. We wire bond the electrode and fit the device chip to a
customized PCB board for measurement. Once the chip is wired-bonded, we select two
modes from the measurement range in Figure 4.4 and re-measure the S5;. The result is
shown in Figure 4.5.

The wire-bonded chip is then put on a confocal microscope optical setup for the spin
measurement under room temperature and atmosphere. We drive the electrodes differen-
tially, alternating the signal phase by 180° between neighboring Molybdenum strips, shown
in Figure 4.6.

4.5 Strain-Spin Coupling Measurement

4.5.1 Silicon Vacancy in SiC

In previous works, we introduced NV centers in diamond and divacancies in SiC. In this
chapter, we use Silicon Vacancy or SiV~ in 4H-SiC as the spin system for acoustic coupling.
SiV~ is formed by a vacancy and a nearby Silicon atom in SiC lattice [77]. When it is
negatively charged, it serves as a spin S = 3/2 system. The zero field splitting between
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Figure 4.3. SEM images of the LOBAR device. (a) Frontside (b) Backside
(¢)Zoom-in image of the tether on the backside.
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Figure 4.4. S5; transmission measurement of a LOBAR device Ay mode and
overtones around.
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Figure 4.5. S, transmission measurement of a LOBAR device after wire
bonding. Q are (a) 3648 and (b) 6324 accordingly.
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—
Lateral Scan

Figure 4.6. A scanning confocal microscope setup is used to measure the
spin photoluminescence of the LOBAR. The scanning laser is put below the
LOBAR bottom surface, so it will not be blocked in the top AIN transducer
region. The electrodes are differentially driven for maximal coupling strength.
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ms = £3/2 and m, = £1/2 states is 2D ~ T0M Hz[78]. The energy states are shown in
Figure 4.7
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/
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Figure 4.7. Energy state of SiV/~ in 4H SiC.

ES

SiV~ has been used in both Amg = 2 and Amg = 1 acoustically driven transitions [79].
For the simplicity of the experiment, in this work, we use the Am, = 1 transition as the

method for strain mapping in the SiC by default.

4.5.2 Strain-spin Coupling Measurement

To measure the strain-spin coupling, we use so-called ODSAR (optically detected spin-
acoustic resonance). We initialize the state at |+1/2) with laser. A permanent magnet is
placed to create Zeeman splitting, and the LOBAR is driven to generate the state transition
between |+3/2) and |4+1/2) states. Then the population is read out optically through a

single photon counter.
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First, we fix the laser on a single point in the wing of the LOBAR, and shift the acoustic
driving frequency to do a frequency scan. In Figure 4.8, the previously measured Sy; is
plotted with the spin’s PL intensity. The PL data is smoothened with a Savitzky—Golay
filter. The PL is linear with the local strain intensity that activates the state transition. The
electrical transmission fits well with the PL peak, suggesting we are utilizing the mechanical
resonance to enhance our driving coupling strength. Furthermore, this can be used as a way
to characterize mechanical resonance including the QQ under experimental condition without

a network analyzer, or the need for electrical calibration.
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Figure 4.8. Frequency scan of ODSAR of SiV ™ in the LOBAR wings plotted
together with the previously measured S21 transmission with PNA.

To map out the strain distribution along the entire device, we then fix the driving fre-
quency at the peak frequency in Figure 4.8 and scan the LOBAR in length direction in the
center, as Figure 4.6 illustrates. The scan is done at 2 overtone frequencies for comparison.
The result is shown in Figure 4.11. Due to the standing wave nature of the flexural mode,
the PL intensity follows a sinusoidal distribution along the x axis, which matches the strain

mode shape given by COMSOL in Figure 4.2.
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To further compare the measured PL scanning data with simulation, I integrate the strain
vertically at each x coordinate in the simulation mesh, as it is indicated in Figure 4.9. This
is to simulate the PL collection process, where the pinhole is large enough that PL emission
from the whole thickness of SiC is collected. The related code can be referred to Appendix
B. The integrated data is then sorted by x axis and plotted together with PL data in Figure
4.10.

From the comparison, the peak distributions fit well in the simulation and the PL mea-
surement. This indicates that the resonance mode we excited is in fact the Lamb wave
flexural mode at the given frequency. The change of peak distance in the two plots charac-
terizes the overtone nature of the modes, which can help identify the mode numbers, and
find the maximal strain points. The AIN transducer stays around -40 to 440 um in the
x axis. This affects the optical collection efficiency and causes the lowering of PL in this
region. The spike at £40 um is also from the boundary condition change from the reflective
Molybdenum electrode to pure SiC surface. The minor position shift in the figure is due to
the 2D COMSOL simulate unable to capture the real world boundary condition of the LO-
BAR. The difference in the height of the peaks is due to measurement error, mainly caused
by the surface roughness and the arbitrary SiV~ distribution under natural condition.

Moving from 1D axis scan to 2D, we collect the PL intensity across the whole LOBAR
near the center, plotted in Figure 4.12. The wave-like pattern of the flexural mode can be
clearly seen from the figure. This has confirmed our ability to map to the strain distribution
of an acoustic resonance in SiC, giving us an edge over conventional methods like LDV.

To further demonstrate our ability to utilize the strain-spin coupling, we measure the Rabi
oscillation with the acoustic driving and traditional magnetic driving in Figure 4.13. The
pulse sequence used for the measurement is shown in Figure 4.13a. We compared magnetic
driven Rabi oscillation with mechanical driven ones on or off resonance frequency. The figure
shows that the acoustic driving can be as strong as the magnetic one, while enables future
application like mechanical quantum gate|[?].

The acoustic driven Rabi is at 2 W power. We tuned the driving frequency slightly off
the resonance frequency, plotted in the middle. The oscillation is only observable in the SiC

right under the transducer, while the signal is indistinguishable in the wings. For the acoustic
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Figure 4.10. X-scan of PL shown together with the integrated COMSOL x
axis strain data. The strain is in arbitrary unit. The PL is smoothened with
a Savitzky-Golay filter. The transducer covered region is from -40 to 40 um
in the x axis.
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on-resonance driving, we measured the PL in the wing region. This demonstrate that the
wing part of the LOBAR is only activated at resonance frequencies. This has enabled the
potential for LOBAR to be used as a filter in quantum networks [80, 81].

In conclusion, we have demonstrated 2D strain mapping with SiVV~ ODSAR in 4H-SiC,
and measured Rabi oscillation with the acoustic resonance. Further work will be focused on
3D mapping of the mode, by using smaller pinhole and scan vertically. Also, the mechanical

control of single spin in SiC will be of great interest with the use of LOBAR.
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Figure 4.13. (a) Pulse sequence used in the acoustic Rabi oscillation mea-
surement. (b) Magnetic driven, acoustic driven on and off resonance Rabi
oscillations in comparison.
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5. ACOUSTIC FRESNEL ZONE PLATE FOR ADDRESSING
NEAR SURFACE SPIN

5.1 Introduction

Acoustic driving of the solid state spin centers with piezoelectric material like AIN and
ZnO has been demonstrated by our group and others [53, 82]. In particular, the acoustic
decoupling of NV center has been demostrated using a mechanical resonance [22], which
greatly enhanced the T2* of a single NV qubit. Consequently, the sensitivity of a spin center
can be enhanced by isolating it from the surrounding noise.

In prior examples, an acoustic wave has been introduced by a mechanical resonator, such
as a SAW or BAW resonator. As discussed in Chapter 1, however, a resonator is not the
only way to introduce a mechanical wave. A MEMS actuator without resonance behavior
can also deliver acoustic energy into a system. One major drawback of a resonator is that
the strain distribution inside the device must follow the mode shape. For example, in Fig.
5.1 (a), in a diamond HBAR resonator, the strain maximum points are at the nodes of the
overtone mode shape. In those locations, as in NV2 in the figure, the spin can be addressed
efficiently. However, for spins at other locations, only a proportion of the maximal strain
can be used, whereas at the antinodes (maximum displacement points), the strain is near 0.
Thus, spins such as NV1 and NV3 in the figure cannot be mechanically coupled efficiently.

However, the spins in the off-maximum locations can be highly important. When using
NV as sensors for miniature scale sensing, an NV within several nanometers from the surface
is desired, because proximity to the object increases the sensitivity for extremely small signals
(83, 84]. However, these NVs experience greater noise from the electric and magnetic fields
from surface spins and charges [85, 86]. The noise contributes to the coherence of the NV,
thus compromising sensor capability. To counter this effect, researchers have applied surface
treatment of the diamond [87] and used RF driving to suppress the surface noise spins [88].
The latter is shown in Fig. 5.1 (c).

In this chapter, I introduce a mechanical Fresnel zone plate (ZP) device (Fig. 5.1 (b)),
that can focus the mechanical energy onto a small volume near the surface, to address the

near-surface spins.
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NV Surface Spins
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Figure 5.1. (a) Diamond NV in an HBAR. The blue mode shape shows the
strain of the 2nd overtone mode. The NVs can be at different locations in the
device, and those near the surface can be decoupled by interacting with surface
spins. (b) Diamond Fresnel zone plate actuator. The acoustic energy (grey)
is directed to the central near-surface NV. (¢) RF addressing the surface spin
the suppress the surface decoupling effect, from [88].
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5.2 Principle

A Fresnel zone plate is a device with multiple concentric rings. Shown in Fig. 5.2 (a), the
rings are either transparent (white) or opaque (black). An incoming wave hitting the black
rings will diffract. By carefully designing the radius of each rings, the waves will interfere
on the other side of the ZP and form a maximal strength point, which is the focus, similar

to that of a convex lens. Each ring’s radius, shown in (b), can be expressed as:

1
T =/ nAf + an)\z (5.1)

here A is the wavelength, f is the focal distance and n is the ring number.

7ZPs, although originally invented for optics, have been widely used in other fields, in-
cluding water waves (Fig. 5.2 (d)), X-ray [89], and microwave [90]. In Fig. 5.2 (c), a ZP
with patterned top electrodes on one side the bulk silicon can excite a focused acoustic wave

on a point on the other end, when the gap and width of each ring is properly chosen.

5.3 Design

The basic shape of the diamond ZP device is similar to that of an FBAR, except that
the top AIN transducer is alternatively etched to the rings, instead of a one-piece film. As
shown in Fig. 5.3 (b), a circular membrane is suspended in a bulk diamond chip, whereas
the piezoelectric transducer rings are electrically connected by a normal strip line along
the tether. An important observation is that, as shown in (c), owing to the symmetry of
ZP, the ring sequence is arbitrary: the center of the pattern can be either be transparent
or opaque, and the focusing effect remains the same. This aspect provides a large benefit
over conventional bulk acoustic wave resonators in diamond, as shown in (a): If the central
circle is rendered transparent by etching away the piezoelectric material on top, we can
direct the excitation laser onto it, because it is now on the same side as the piezoelectric
transducers. Because the wavelength of the laser light (532 nm) and bulk mechanical wave
(several micrometers) are substantially different, the ZP shows little diffraction on the laser

beam. In this setup, when NV is used for sensing applications, the other side of the device
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(a)

(b)

Figure 5.2. (a) A Fresnel zone plate acts like a convex lens, which can focus
incoming waves to a focus point on the other side. (b) The radius of each
ring in a ZP can be calculated. (c¢) ZP has been used in BAW for microfluid
applications, figure from [91]. (d) ZP can be used to focused acoustic wave in
fluids, figure from [92].
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can be placed closer to the objects, given the absence of RF transmission structures. The

potential of near-surface NV can now be exploited.

(b)

Figure 5.3. (a) A diamond SCHBAR device from [53]. The acoustic trans-
ducer has to be fabricated on the other side of the slab in order to allow the
laser beam. (b) The proposed diamond ZP device can be excited by green
laser on the same side as the acoustic transducers. (c) The sequence of the

rings is arbitrary. The center can be either transparent or opaque with the
same focusing ability.

The proposed fabrication flow is shown in Fig. 5.4. We first define the AIN transducer
shape, then create a diamond thin membrane through backside DRIE, with a sapphire
shadow mask. A SiO2 hardmask is then sputtered and defined, with which we can release

the circular membrane through frontside DRIE. Finally, the oxide mask can be removed with

a buffered oxide etch.
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(1) Mo-AIN-Mo deposition (2) AIN/Mo dry etch (3) Backside etch

| Imm

(4) Oxide deposition & etch (5) Frontside etch (6) Oxide removal

Figure 5.4. Proposed fabrication flow for the diamond ZP device.
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5.4 Simulation

To understand the efficiency of the ZP design, a COMSOL model is built under 2D
rotational symmetry condition. The diamond is 10 um thick, while the AIN is 1um thick
under it. To compare it with an FBAR, we set the frequency for ZP at 3.6 GHz, which is
the 2nd harmonic mode of the FBAR. 10 rings are used in the simulation, while the focal
length is the thickness of the diamond. We also build an FBAR model with the same radius
for an accurate comparison. The ZP mode shape is shown in Fig. 5.5 (a). It can be seen
that the ZP transducer induces a strain strong point on the focus, which is the center of
the top surface. At 1V electric input, the stress there is about 4 GPa, or 3.8 x 1072 in
strain. Fig. 5.5 (b) shows the maximum stress generated by a ZP and an FBAR. We can
see that the stress generated by ZP is comparable to that from the FBAR, yet the latter
cannot be reached at the surface focus point. Also, the stress of the FBAR quickly declines
once the frequency moves away from the resonance, while the ZP can provide a broad-band
enhancement even off-resonance.

Another interesting observation comes from the admittance plot of the transducers in Fig.
5.6. The plot for the FBAR shows a ordinary behavior, with a sharp peak at the resonance
frequency. However, the curve for the ZP admittance is much flatter, which indicates that
the Q of ZP maximum stress points are much lower than that of the FBAR. As it is discussed
in Chapter 1 of the thesis, the Q factor indicates the amount of mechanical energy preserved
in the system versus the loss. This can be explained by Termo-Elastic Dissipation (TED)
loss from the system. The relation between mechanical and thermal (temperature) field in

a solid can be expressed as [93]:

0%u 9%u oF 0T

—E el
Por = Yo T U= on
oT o*T aET, 0%u

Crar = "o~ (1= 2v) owdt

(5.2)

here u is the displacement field, T" is the temperature field, FE is the Young’s modulus, «
is the thermal conductivity, « is the linear thermal expansion coefficient, Tj is the average
temperature of the system, C'is the thermal capacity, v is the Poisson’s ratio, while p is the

material density.
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Figure 5.5. (a) Stress mode shape of the ZP at the optimal frequency. (b)
Comparison between the maximum stress generated by ZP and an FBAR. The
stress distribution is marked for each plot at its peak.
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This equation set indicates that when a system is compressed or stretched mechanically,
it will have a temperature increase or decrease. The uneven distribution of the temperature
field will further cause heat flows in the system, which cause the mechanical energy to be
dissipated as heat, thus lower the Q of the resonator. Since the ZP focuses the mechanical
field onto a particular point, it generates a much steeper gradient than an FBAR, which
causes a greater TED loss and a lower Q.

Since the purpose of the device is to introduce strain to an atom-scale spin, we realize
that the traditional figure of merits for MEMS like Q no longer apply. In fact, a lower Q here
is a side proof that the ZP device is working as intended by polarizing the strain distribution.
This finding opens a new door to the spin-related MEMS design, as we are no longer limited

to traditional MEMS resonators.

Y11, No PML, Thickness = 10um, 10 rings

2.5 T .
—2zP
—HBAR
2+ i
9 1.5 i
Q
Q
[
@
=
£
© 11 i
<
0.5 h
0 — T

3.4 3.42 3.44 3.46 3.48 3.5 3.52 3.54 3.56 3.58 3.6
frequency / GHz

Figure 5.6. Admittance plot of the ZP and the FBAR.
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5.5 Fabrication

Due to measurement setup availability, we first make ZP devices on Silicon Carbide
platform, which we used for Ay mode strain-spin coupling experiment. The process flow is
identical to Section 3.3.

A microscopic picture of the ZP is shown in Figure 5.7. The top electrode is clearly
defined with Mo dry etching.

SEM images of the ZP are shown in Figure 5.8. The frontside AIN etching left some
residue micropillars on the exposed SiC surface. This will have to be improved in the future
for a frontside optical access. The backside surface is mostly flat with a small amount of

dimples.

Figure 5.7. Microscopic picture of a ZP device.
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Figure 5.8. SEM images. (a) a ZP’s frontside. (b) Zoom in picture of the top
electrodes on a ZP device. (c¢) Tether of a ZP device. There are micropillars
on the SiC surface, from the etching residue of AIN and Mo. (d) Backside of
the ZP device.
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5.6 Outlook

The best way to demonstrate that a ZP device is working is to compare it with an
HBAR device with the same dimensions. As suggested in Fig. 5.5 (b), when excited out of
resonance, the ZP generates more stress than the HBAR, which will be measured through
the NV coupling strength.

To achieve even higher strain in the ZP system, geometric gain can be introduced in the
system. As shown in Fig. 5.9 (a), owing to wave interference, the more rings present in a ZP,
the stronger the focusing effect. The maximum radius that can be fabricated in the future
will be explored to finalize the design.

In the future, we should be able to fabricate an array of ZPs in the same diamond chip,
each with an NV center on the focus. The sensor array could then be used for large scale
sensing applications, such as fingerprint sensing [94] and microfluidics [95]. The chip could

be attached to objects as a whole, as shown in Fig. 5.9 (b), to allow proximate sensing.

(a) (b)

5rings
| 10rings i
| 20rings
(c)
.—/——\
Fluid @ Object
Diamond ;NV
= I I T I

Figure 5.9. (a) The ring number of a ZP can be increased to enhance the
focusing capability. (b) A ZP array can be made on the same diamond chip,
at various working frequencies. (c) A possible application for the ZP in sample
localization.

The design could be extended even further in acoustic tweezer applications. When NV is

used for biological sensing, it is important to trap and fix the target particle, such as a protein
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or a cell, near the diamond surface [96], in a process called localization. The conventional
method involves building a microfluid channel on top and flowing the particle through it
[97]. However, if a fluid environment, such as a water droplet containing a biological sample,
is placed on an unreleased diamond ZP, as shown in Fig. 5.9 (c¢), the ZP will also create
an acoustic field in the fluid. Because of the acoustic radiation force, the particle will be
attracted to the maximal stress point, which is the focus of the ZP on the diamond surface.

In this way, the particle can be trapped without excessive equipment.
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A. STANDARD FABRICATION PROCESS FOR ALN-SIC
LOBAR DEVICES

This appendix documents the detailed fabrication process of AIN-SiC LOBAR devices. Each
major step is written in a section.

The fabrication starts after retrieving the 200 um SiC wafer deposited with Mo-AIN-
Mo stack. Before any fabrication steps, the wafer thickness should be measured with a
micrometer. Because of the error in the thinning process, the wafer might have a thickness
difference up to 30 um from the designed 200 um, and might have thickness variation across
it. To know how deep the backside etching should be, it is cruicial to get the starting
thickness of the wafer.

Note the lithography recipes below are just for reference. The cleanroom condition is
subject to constant change, and the recipe should be tested and modified if necessary.

The SiC wafer and chips are bonded to carrier wafer with crystalbond, which can be

cleaned with hot water bath at 70 °C.

A.1 Backside Nickel Hardmask

1. Wafer solvent cleaning

(a) Toluene soak, 5 min
(b) Acetone soak, 5 min

(c) Isopropyl alcohol soak, 5 min
2. Electroplating seeding layer deposition
(a) Equipment: Any evaporator
(b) Metal: 10 nm Ti and 50 nm Cr
3. Lithography
(a) Photoresist: AZ 9260

(b) Spinning: 4000 rpm for 30 seconds
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(¢) Softbaking: 110 °Cfor 3 minutes

)
(d) Exposure: Heidelberg Maskless Aligner with 415 m.J/cm? dose
(e) Development: Microposit developer undiluted for 2 minutes or until clear
(f) Hardbake: 90 °Cfor 15 minutes or longer

(g) Ashing: Ar at 200 sccm with 100 W power for 1 minutes
4. Nickel plating
(a) Prepare nickel sulfamate solution and set bath at 40 °C. The solution has to be
clean, or the deposition quality will be negatively affected.
(b) Use Keithley 6221 AC/DC source set at 10 mA/cm?

(c) Time: since the nickel sulfamate solution is variable over time, the electroplating
time should refer to the log book kept with the deposition setup. At the time of

this thesis being written, 50 minutes of deposition yield for about 4 um of Ni.

(d) Soak the wafer in Acetone overnight to remove the AZ9260. Note PRS2000 should

not be used since it will etch metals including Mo.

A.2 Frontside Transducer Definition

1. Top Mo layer etching

(a) Photoresist: SPR 4.5 3000 rpm for 30 seconds

(b) Softbaking: 115°Cfor 90 seconds

(d

)
)
(c) Exposure Heidelberg 200 m.J/cm? dose
) Development Microposit : water = 1:1 2 minutes
)

Dry Etch: Plasma-Therm APEX SLR, with recipe name ”Alex-Mo” for 1 minute,

(e
or until the Mo layer is fully removed, when the purple colored AIN layer can be

seel.

(f) Strip the resist with Acetone
2. AIN Etching
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(a) Photoresist: AZ 9260, the lithography is identical to Ni hardmask section, without

using the hardbaking

(b) Dry Etch AIN: Plasma-Therm APEX SLR, with recipe name ”Alex-AIN” for 10
minutes, or until the AIN layer is fully removed, when the silver colored bottom
Mo layer can be seen. The Mo layer can also be determined by using a multi-
meter’s diode test mode on the surface, as Mo is highly conductive while AIN is
resistive. Note that the etch rate is highly variable due to AIN quality changes
and chamber condition, so it is suggested to try smaller time intervals at this step

and monitor the surface closely.

(¢) Dry Etch bottom Mo: Plasma-Therm APEX SLR, with recipe name ”Alex-Mo”
for 1 minute, or until end surface is no longer conductive when tested with the

multimeter.

(d) Strip the resist with Acetone.
3. Bottom Electrode Exposure with Wet Etch

(a) Photoresist: AZ 1518

(b) Spinning: 4000 rpm for 30 seconds

(c) Softbaking: 110 °Cfor 1 minutes

(d) Exposure: Heidelberg Maskless Aligner with 315 m.J/cm? dose

(e) Development: Microposit : water = 1 : 1 for 2 minutes or until clear
(f) Hardbake: 145 °Cfor 5 minutes or longer

(g) Wet etch: H3PO, provided in the cleanroom, undiluted. Pre-heat the solution to
130 °C. Dip the wafer in the acid in 10 second intervals and observe. Etch until

the shinning bottom Mo is exposed in the bottom electrode region.

(h) Strip the resist with Acetone.

A.3 Frontside Hardmask and SiC Etching

1. Top ITO hardmask
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(2)

Deposition: Lesker Evaporator

Metal: 10 nm Ti and 600 nm ITO

Photoresist: SPR 7.0, 4000 rpm spinning for 30 seconds
Exposure Heidelberg 580 m.J/cm? dose

Development Microposit : water = 1:1 2 minutes or until clear

Dry Etch: Plasma-Therm APEX SLR, with recipe name ”Alex-ITO” for 5 minute,
or until the ITO is fully removed. It is ok to over-etch in this step, as the SiC

underneath will be removed later.

Strip the resist with Acetone

2. Frontside SiC Etching

(a)

(b)
()

Warning Due to unstable equipment conditions, the etch rate of SiC and etch

quality should be tested everytime before the real sample going under etch.
Etcher: STS AOE or Panasonic

Dry Etch: Use the Alex-SiC recipe in STS AOE. the etch rate is roughly 20-30
um per hour. Etch for at least 10 um. It is recommended to etch till 15 um for

a cleaner release. The ITO should be closely monitored to avoid depletion.

3. Backside SiC Etching

(a)
(b)

Etcher: Plasma-therm or Panasonic

Dry Etch: Use the Cr etching recipe in Plasma-therm or Panasonic to remove
the Cr seeding layer for electroplating. The etch time should be tested, but at

around 5 minutes.
Etcher: STS AOE

Dry Etch: Use the Alex-SiC recipe in STS AOE. the etch rate is roughly 20-30
um per hour. Etch for about 120 um. At this point the wafer can be broken into
smaller square chips for easier handling. Due to the etch rate difference in the

center and the edge of the wafer, it is needed to release the chips separately.
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(e) Based on the wafer thickness, further etch the chips to release the device. Measure
the device thickness with optical profilometer or contact profilometer to make sure

the end thickness is correct.

4. ITO removal: quickly dip the chip into HCl3:H,O = 1:5 solution until the ITO is clear,

followed by a dipping into Buffered Oxide Etch undiluted to remove the Ti
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B. CODING FOR LAYOUT GENERATION AND DATA
ANALYSIS

B.1 Layout Generation

# —*- coding: utf-8 —*-

nimnn

Created on Wed Apr 29 18:35:17 2020

This is the code for gemerating individual LOBARs and a final layout using

— GDSPY

@author: jiangb6l
import gdspy as gp
import numpy as np

import string

def update_xy(x=5000, y=3500, y_max=0):
r=50000
while y>y_max:
x=x+3000
if x>46500:
break
y_max = np.sqrt(r**x2-x**2)-3500
y=3500

return x, y, y_max

#fuction to create single LOUBAR instance. Width ts the multiple of

— wavelength,
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#hbar determines whether to add an etch to remove HBAR mode
#shallow_ref: add full depth reflector or not
#ground: grounded or floating bottom electrode
#c_ref: center of the reflector
#r_ref: radius of reflector by wl multiple, =0 means no reflector
#layers: O - top electrode; 1- ALN; 2-bottom electrode ; 3 - backside;4 -
— frontside; &5 - quarter frame
def lobar(lib=None,r ref = 0, width = 2, hbar = True,shallow _ref = False,
— ground = True, c_ref = 240):
gp.current_library = gp.GdsLibrary()
wl = 40 #wavelength

a_pad = 100 #electrode pad size

150 #electrode distance

d_pad
w = 1980 #width of backside window
h = 480 #height of backside window
h_lobar = 300 #height of LUBAR

w_tether = 25 #width of tether
h_tether = (h-h_lobar)/2 #height of lobar
cellname = "LJ%d _W%d R%.2f" % (width*wl, h lobar, r _ref)#cell name should

— be wvariable depending on the parameters

#determine the cellname
if hbar:

cellname += "_NoHBAR"
else:

cellname += "_HBAR"
if ground:

cellname += "_Ground"

else:
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cellname += " Float"
if shallow ref:

cellname += " Shallow"
# p = gp.Cell(cellname) #create the cell to be returned

p = lib.new_cell(cellname, overwrite_duplicate=True)

#p =gp.Cell()

if r ref ==0:

spl = gp.FlexPath([(0, 385), (0, 142)], 10, layer =0)

sp2 = gp.FlexPath([(0, -385), (0, -142)], 10, layer =0)
el = gp.Rectangle((-50,382.5), (50,482.5), layer=0)
e2 = gp.Rectangle((50,-382.5), (-50,-482.5), layer=0)
else:
spl = gp.FlexPath([(0,145), (0,249.5),(370,249.5),(370,365)1, 10,
— layer=0)
sp2 = gp.FlexPath([(0,-145), (0,-249.5),(370,-249.5),(370,-365)], 10,

— layer=0)

el = gp.Rectangle((320,365), (420,465), layer=0)
e2 = gp.Rectangle((320,-465), (420,-365), layer=0)
midl = gp.Rectangle((-36,135),(36,145), layer=0)
mid2 = gp.Rectangle((-36,-145),(36,-135), layer=0)
mid3 = gp.Rectangle((5,138),(15,-132), layer=0)
mid4 = gp.Rectangle((-15,-136.25), (-5,132),layer=0)
mid5 = gp.Rectangle((-35,-132),(-25,138.75), layer=0)
mid6 = gp.Rectangle((25,-136.25),(35,132),layer=0)

p-add([spl,sp2,el,e2,midl,mid2,mid3,mid4,mid5,mid6])
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mid = gp.Rectangle((-38,-147.5),(38,147.5), layer=1)
if r_ref==0:
pad_upl=gp.Rectangle((-210,372.5),(-90,492.5), layer=1)
pad_up2=gp.copy(pad_up1,150,0)
pad_up3=gp.copy(pad_up2,150,0)
pad_downl = gp.Rectangle((-210,-492.5),(-90,-372.5), layer=1)
pad_down2=gp.copy(pad_downl,150,0)
pad_down3=gp. copy(pad_down2,150,0)
up_trace_mid = gp.FlexPath([(0,380),(0,140)],15, layer=1)
down_trace_mid = gp.FlexPath([(0,-380),(0,-140)],15, layer=1)
if ground:
up_trace_side = gp.FlexPath([(-150,380),(-150,270),(150,270)
— ,(150,380)],15,1layer=1)
down_trace_side = gp.FlexPath([(-150,-380), (-150,-270),(150,-270)
— ,(150,-380)],15,1layer=1)
p.add([up_trace_side, down_trace_side])
else:
pad_upl=gp.Rectangle((160,355),(280,475), layer=1)
pad_up2=gp.copy(pad_up1l,150,0)
pad_up3=gp.copy(pad_up2,150,0)
pad_downl = gp.Rectangle((160,-355),(280,-475), layer=1)
pad_down2=gp. copy(pad_downl,150,0)
pad_down3=gp. copy(pad_down2,150,0)
up_trace_mid = gp.FlexPath([(370,360), (370,250), (0,250),(0,140)],15,
— layer=1)
down_trace_mid = gp.FlexPath([(370,-360), (370,-250), (0,-250), (0,-140)
— 1,15, layer=1)

if ground:

117




up_trace_side = gp.FlexPath([(520,360),(520,250), (220,250)
— ,(220,360)],15,1ayer=1)

down_trace_side = gp.FlexPath([(520,-360), (520,-250), (220,-250)
— ,(220,-360)],15,layer=1)

p.add([up_trace_side, down_trace_side])

textname = "LJd W/id R%.2f" %(width*wl, h_lobar, r_ref)#cell name should

— be wvariable depending on the parameters

#determine the cellname
if hbar:

textname += "\nNoHBAR"
else:

textname += "\nHBAR"

if ground:

textname += " Ground"
else:

textname += " Float"

if shallow _ref:

textname += " Shallow"
textlab = gp.Text(textname, 100, (-600,-700),layer=1)
p.add([mid,pad_upl,pad_up2,pad_up3,pad_downl,pad_down2,pad_down3,

— up_trace_mid, down_trace_mid, textlab])

if r_ref==0:
upl=gp.Rectangle((-200,382.5),(-100,482.5), layer=2)
up2 = gp.copy(up1,300,0)
downl=gp.Rectangle((-200,-382.5),(-100,-482.5), layer=2)
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down2 = gp.copy(downl,300,0)

else:
upl = gp.Rectangle((170,365),(270,465) ,layer=2)
up2 = gp.copy(upl,300)

downl = gp.Rectangle((170,-365),(270,-465), layer=2)
down2 = gp.copy(downl,300,0)
p-add([upl,up2,downl,down2])

mid = gp.Rectangle((-990,-240),(990,240), layer=3)
if hbar:
if r_ref !=0:
hbar_up = gp.Rectangle((320,365),(420,465), layer=3)
hbar_down = gp.Rectangle((320,-365),(420,-465), layer=3)
else:
hbar_up = gp.Rectangle((-50,382.5),(50,482.5), layer=3)
hbar_down = gp.Rectangle((-50,-482.5),(50,-382.5), layer=3)
p.add([hbar_up,hbar_down])

if (r_ref != 0) and (not shallow ref):
if r ref < 3.5:
ref up = gp.Round((0,240), r_ref*wl+50, inner_ radius=r_ref*wl,
— initial_angle=20*np.pi/180, final_ angle=160*np.pi/180,
— layer=3)
ref down = gp.copy(ref_up).mirror((-1,0),(1,0))
else:
ref up = gp.Round((0,150), r_ref*wl+50, inner radius=r_ref*wl,
— initial_angle=40*np.pi/180, final angle=140*np.pi/180,
— layer=3)

ref_down = gp.copy(ref_up) .mirror((-1,0),(1,0))
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p.add([ref up,ref down])
p.add(mid)

box = gp.Rectangle((-990,-240),(990,240), layer=4)
a=width/2*wl

mid = gp.Rectangle((a,150), (-a,-150), layer=4)

up_te = gp.FlexPath([(0,240),(0,150)]1,25, layer=4)
down_te = gp.FlexPath([(0,-240),(0,-150)],25, layer=4)

rel = gp.boolean(box, mid, 'not', layer=4)

rel = gp.boolean(rel, up_te, 'not', layer=4)
rel = gp.boolean(rel, down_te, 'not', layer=4)
p-add(rel)

if r ref != 0:
if r ref < 3.5:
ref_up = gp.Round((0,240), r_ref*wl+50, inner_radius=r_ref*wl,
— initial_angle=20*np.pi/180, final angle=160*np.pi/180,
— layer=4)
ref_down = gp.copy(ref_up) .mirror((-1,0),(1,0))
else:
ref up = gp.Round((0,150), r_ref*wl+50, inner_ radius=r_ref*wl,
— initial_angle=40*np.pi/180, final_ angle=140*np.pi/180,
— layer=4)
ref down = gp.copy(ref_up).mirror((-1,0),(1,0))
p.add([ref up,ref down])

return p, lib

def quarter_lay(r=50000) :
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gp.current_library = gp.GdsLibrary()
1ib = gp.GdsLibrary(name = 'LOBAR_V21')
#LOBAR wvariables

width = np.array([2, 40])

r_inner np.arange(4.5, 5.25, 0.25)

r_outer = np.arange(1.5,2.75,0.25)
c_inner = 150

c_outer = 240

hbar = [True, False]

shallow _ref = [True, False]

ground = [True, False]

#quarter wafer parameters
r=50000;

x=5000;

y_max = np.sqrt(r**x2-x**2)-3500;
y=3500;

#mazx_ins = 336 #pre-calculated max number of instances

num_ins = 0

quarter = lib.new_cell("quarter_layout",overwrite_duplicate=True)
quarter_shape = gp.Round((0,0), 50000, initial_angle=0, final angle=np.
— pi/2, layer=5)

quarter.add(quarter_shape)

str_char = string.ascii_uppercase

for i in range(0,100):
#HBAR craete the reference list
for w in width:

for h in hbar:
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X, y, y_max = update xy(x, y, y_max)
if x>46500:

return 1lib

p, lib = lobar(lib,0,w,h)

ref = gp.CellReference(p, (x,y))

x_co = (x-5000)//3000

y_co = (y-3500)//1500

coordinate_label = str_char[x_co] + "%d" % (y_co+1)

textlab = gp.Text(coordinate_label, 150, (x-1000,y-750),layer
— =1)

quarter.add(textlab)

quarter.add(ref)

y+=1500
num_ins += 1
#shallow reflector
for w in width:
for s in shallow_ref:
X, y, y_max = update_xy(x, y, y_max)
if x>46500:

return 1lib
p, 1lib = lobar(lib,4.5, w, True, s, True, c_inner)

ref = gp.CellReference(p, (x,y))

(x-5000) //3000
(y-3500)//1500

X_co

y_co
coordinate_label = str_char[x_co] + "%d" % (y_co+1)
textlab = gp.Text(coordinate_label, 150, (x-1000,y-750),layer

— =1)
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quarter.add(textlab)
# ref = gp.CellReference(lobar(4.5, w, True, s, True,
— c_inner), (z,y))

quarter.add(ref)

y+=1500

num_ins += 1

#inner vs outer reflector

X, y, y_max = update_xy(x, y, y_max)

if x>46500:

return 1lib
p, lib = lobar(lib, 1.5, w, True, s, True, c_outer)

ref = gp.CellReference(p, (x,y))

x_co = (x-5000)//3000

y_co = (y-3500)//1500

coordinate_label = str_char[x_co] + "%d" % (y_co+1)

textlab = gp.Text(coordinate_label, 150, (x-1000,y-750),layer
— =1)

quarter.add(textlab)

# ref = gp.CellReference(lobar(1.5, w, True, s, True,
— c_outer), (z,y))

quarter.add(ref)

y+=1500

num_ins += 1

#grounded bottom

for w in width:

for g in ground:

X, ¥, y_max = update_xy(x, y, y_max)
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if x>46500:

return 1lib
p, 1lib = lobar(lib, 0, w, True, False, g)
ref = gp.CellReference(p, (x,y))
(x-5000)//3000

X_Co

y_co = (y-3500)//1500

coordinate_label = str_char[x_co] + "%d" % (y_co+1)

textlab = gp.Text(coordinate_label, 150, (x-1000,y-750),layer
— =1)

quarter.add(textlab)

# ref = gp.CellReference(lobar(0, w, True, False, g), (z,y))

quarter.add(ref)

y+=1500
num_ins += 1
#distance of reflector
for w in width:
for r in in r_inner:
X, y, y_max = update_xy(x, y, y_max)
if x>46500:

return 1lib
p, 1lib = lobar(lib, r_in, w, True, False, True, c_inner)

ref = gp.CellReference(p, (x,y))

x_co = (x-5000)//3000

y_co = (y-3500)//1500
coordinate_label = str_char[x_co] + "%d" % (y_co+1)
textlab = gp.Text(coordinate_label, 150, (x-1000,y-750),layer

— =1)
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if

__name _ == " main _

quarter.add(textlab)
# ref = gp.CellReference(lobar(r_in, w, True, False, True,
— c_inner), (z,y))

quarter.add(ref)

y+=1500
num_ins += 1
for r out in r_outer:
X, y, y_max = update_xy(x, y, y_max)

if x>46500:

return 1lib
p, 1lib = lobar(lib, r_out, w, True, False, True, c_outer)

ref = gp.CellReference(p, (x,y))

x_co = (x-5000)//3000

y_co = (y-3500)//1500

coordinate_label = str_char[x_co] + "%d" % (y_co+1)

textlab = gp.Text(coordinate_label, 150, (x-1000,y-750),layer
— =1)

quarter.add(textlab)

# ref = gp.CellReference(lobar(r_out, w, True, False, True,

— c_outer), (z,y))

quarter.add(ref)

y+=1500

num_ins += 1

return 1ib
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# gp.current_library = gp.GdsLibrary()

1ib = quarter_lay()

# quarter = quarter_lay()

#

lib.write_gds('first.gds')

B.2 Transmission Measurement Plotting

import
import
import
import
import
import
import

import

def Y

(_>

CVXpy as cp

numpy as np

skrf as rf

scipy as sp
matplotlib.pyplot as plt
math

string

os.path

in(Y11, Y12, Y21, Y22, YL = 1/50):

based on a 2 port network

return (Y11 - (Y12%Y21)/(Y22+YL))

A = st
A list
A list
A mat
B mat

for i

ring.ascii_uppercase

list (A)

A_list[0:14]

np.array(A_list, dtype = object)

np.zeros([24] ,dtype = object)
in range(1,25):

B mat[i-1] = str(i)
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name list = []
for x in A mat:
for y in B_mat:
n = xt+y

name_list.append(n)

# 1=0
for n in name_list:
s2p_name = '20200930 2nd batch SiC LOBAR/' + n + '.s2p'
if os.path.exists(s2p_name):
device = rf.Network(s2p_name)
# S = device.s_db
S = device.s

# Y input = Y_in(Y[:,0,0], Y[:,0,1], Y[:,1,0], Y[:,1,1])

freq = device.f

figl = plt.figure()
ax = figl.add_subplot(1,1,1)
ax.set_xlabel('Frequency (Hz)',fontsize=14)
ax.set_ylabel('S21',fontsize=14)
ax.set_title(n, fontsize=24)
ax.plot(freq, abs(S[:,1,0]), linewidth =1.5)
# plt.plot(freq, abs(S[:,0,0]))
# plt.yscale('log')
# ax.set_yscale('log')
fig name = 'S21 plot/' + n + '.png'
figl.savefig(fig name)
plt.close(figl)
i+=1

for n in name list:

s2p_name = '20200930 2nd batch SiC LOBAR/' + n + '.s2p'
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if os.path.exists(s2p_name):
device = rf.Network(s2p_name)
savename = 'csv_data/'+ n +'.csv'
rf.io.general .network 2 spreadsheet(device, savename, 'csv', 'ma')
for n in name list:
s2p_name = '20200930 2nd batch SiC LOBAR/' + n + '.s2p'
if os.path.exists(s2p_name):
device = rf.Network(s2p_name)
S = device.s_db
# S = device.s

# Y input = Y_4n(Y[:,0,0], Y[:,0,1], Y[:,1,0], Y[:,1,1])

freq = device.f

figl = plt.figure()

ax = figl.add_subplot(1,1,1)
ax.set_xlabel('Frequency (Hz)',fontsize=14)
ax.set_ylabel('S21 (dB)',fontsize=14)
ax.set_title(n, fontsize=24)
ax.plot(freq, S[:,1,0], linewidth =1.5)
# plt.plot(freq, abs(S[:,0,0]))

# plt.yscale('log')

# ax.set_yscale('log')

fig name = 'S21 plot/' + n + '_dB.png'
figl.savefig(fig_name)

plt.close(figl)

#csv input impedance

for n in name list:
S2p_name = '20200930 2nd batch SiC LOBAR/' + n + '.s2p'
if os.path.exists(s2p_name):

device = rf.Network(s2p_name)
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Y = device.y

freq = device.f

Y _input = Y_in(Y[:,0,0], Y[:,0,1], Y[:,1,0], Y[:,1,1])

data = np.stack((freq, Y_input), axis=1)

savename = 'input_admittance/'+n+'.csv'

np.savetxt(savename, data, delimiter=',', header='frequency(Hz),

— input admittance(S)')

B.3 Integration of COMSOL data for ODSAR X-scan

# —-*- coding: utf-8 —*-

nmnn

Created on Fri Mar 25 21:51:23 2022

Q@author: jiangb61

mnmnn

import numpy as np
import matplotlib.pyplot as plt

from scipy.signal import savgol filter

def cal linear_ integral(data, mesh_density):

gap = max(datall[:,0]) *2 / mesh_density

start = min(datal[:,0]) - gap/2

integ = np.zeros([mesh_density+1,2])
j=0
for i in np.arange(start, -start, gap):
use_data = data[np.where((datal:,0]<i+gap) & (datal:,0]>=1))]

integ[j,0] = i+gap/2

integlj,1] = sum(use_datal:,2])
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j+=1

return integ

if name__ == "_main__":

plt.close('all')

datal = np.loadtxt('strain 8507.csv', skiprows=8, delimiter=',')
data2 = np.loadtxt('strain_112045.csv', skiprows=8, delimiter=',"')
mesh = 500

thickness = 10 # SiC thickness, used to filter y data

#only keep data in the SiC region

wl = np.where(datall:,1]<=thickness/2)

w2 = np.where(data2[:,1]<=thickness/2)
dl = datall[wl]
d2 = data2[w2]
linel = cal_linear_integral(dl, mesh)
line2 = cal_linear_integral(d2, mesh)

np.savetxt ('COMSOL_integral x_890bMHz.csv', linel, header='x (um)
— strain integral')
np.savetxt ('COMSOL_integral x_112045MHz.csv', linel, header='x (um)

— strain integral')

figl = plt.figure()

ax = figl.add_subplot(1,1,1)
ax.set_xlabel('x (um)',fontsize=14)
ax.set_ylabel('Strain integral', fontsize=14)

ax.set_title("Axial Strain Integral From COMSOL", fontsize=24)
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ax.plot(linel[:,0], linel[:,1], linewidth =1.5, label '89.5 MHz')

ax.plot(line2[:,0], line2[:,1], linewidth =1.5, label '116.4 MHz')
ax.legend ()

# ax.plot(line2, linewidth =1.5)

dat_spin_1 = np.loadtxt('89p5MHzXSCAN.txt', skiprows=1, delimiter=' ')

# shift = 11.7

# dat_spin_1[:,0]+=shift

# dat_spin_1[:,1] = -dat_spin_1[:,1] # revert the y direction, to fit
— the simulation.

m = np.mean(dat_spin_1[:,1])

dat_spin_1[:,1] = 2*m-dat_spin_1[:,1]

dat_spin_1[:,1] savgol _filter(dat_spin_1[:,1],9,5)

fig2 = plt.figure()

ax = fig2.add_subplot(1,1,1)

ax2 = ax.twinx()

ax.set_xlabel('x (um)',fontsize=14)

ax.set_ylabel('Strain integral',fontsize=14)

# ax.set_title("Azial Strain Integral From COMSOL vs spin, 89MHz',
— fontsize=24)

ax.plot(linel[:,0], linel[:,1], linewidth =1.5, label = 'Strain
< Simulation', color = 'c')

ax.set_x1im([-120,120])

# az2.set_zlabel ('z (um)', fontsize=14)

ax2.set_ylabel('Spin Constrast (%)',fontsize=14)

ax2.plot(dat_spin_1[:,0], dat_spin_1[:,1], linewidth =1.5, label = 'Spin
<% Measurement', color = 'b')

lines, labels = ax.get_legend_handles_labels()
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lines2, labels2 = ax2.get_legend handles_labels()

ax2.legend(lines + lines2, labels + labels2, loc=0)

dat_spin_2 = np.loadtxt('113p75MHzXSCAN.txt', skiprows=1, delimiter=' ')

# shift = 11.7

# dat_spin_1[:,0]+=shift

# dat_spin_2[:,1] = -dat_spin_2[:,1] # revert the y direction, to fit
— the simulation.

m = np.mean(dat_spin_ 2[:,1])

dat_spin_2[:,1] = 2*m-dat_spin_2[:,1]

dat_spin_2[:,1] savgol _filter(dat_spin_2[:,1],9,5)

fig3 = plt.figure()

ax = fig3.add_subplot(1,1,1)

ax2 = ax.twinx()

ax.set_xlabel('x (um)',fontsize=14)

ax.set_ylabel('Strain integral',fontsize=14)

# ax.set_title("Azial Strain Integral From COMSOL vs spin, 113MHz",
— fontsize=24)

ax.plot(line2[:,0], line2[:,1], linewidth =1.5, label = 'Strain
< Simulation', color = 'c')

ax.set_x1im([-120,120])

# az2.set_zlabel ('z (um)', fontsize=14)

ax2.set_ylabel('Spin Constrast (%)',fontsize=14)

ax2.plot(dat_spin_2[:,0], dat_spin_2[:,1], linewidth =1.5, label = 'Spin
<% Measurement', color = 'b')

lines, labels = ax.get_legend_handles_labels()
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lines2, labels2 = ax2.get_legend handles_labels()

ax2.legend(lines + lines2, labels + labels2, loc=0)

figd = plt.figure()

ax = figd.add_subplot(1,1,1)

ax.set_xlabel('x (um)',fontsize=14)

ax.set_ylabel ('PL contrast (%)',fontsize=14)

# ax.set_title("Azial Strain Integral From COMSOL", fontsize=24)

ax.plot(dat_spin_1[:,0], dat_spin_1[:,1], linewidth =1.5, label = '89.5
< MHz')

ax.plot(dat_spin 2[:,0], dat_spin_2[:,1], linewidth =1.5, label = '116.4
<~ MHz')

ax.legend ()
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