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Abstract: The nitrogen-vacancy (NV) center of the diamond has attracted widespread attention
because of its high sensitivity in quantum precision measurement. The phonon piezoelectric device of
the NV center is designed on the basis of the phonon-coupled regulation mechanism. The propagation
characteristics and acoustic wave excitation modes of the phonon piezoelectric device are analyzed.
In order to improve the performance of phonon-coupled manipulation, the influence of the structural
parameters of the diamond substrate and the ZnO piezoelectric layer on the phonon propagation
characteristics are analyzed. The structure of the phonon piezoelectric device of the NV center is
optimized, and its Micro-Electro-Mechanical System (MEMS) implementation and characterization
are carried out. Research results show that the phonon resonance manipulation method can effectively
increase the NV center’s spin transition probability using the MEMS phonon piezoelectric device
prepared in this paper, improving the quantum spin manipulation efficiency.

Keywords: nitrogen-vacancy center; phonon piezoelectric device; phonon-coupled manipulation;
acoustic characteristics; structural optimization; MEMS implement

1. Introduction

The nitrogen-vacancy (NV) center is an atomic defect in diamonds. It has received
extensive attention since the development of optical detection magnetic resonance tech-
nology [1,2]. The solid-state single-spin system of the NV center has a coherence time of
milliseconds. It can be initialized and read out by the optical detection magnetic resonance
(ODMR) and can be controlled by the alternating magnetic field. These excellent proper-
ties make it applicable in quantum computing [3], quantum simulation [4], and quantum
physics [5-8]. It has broad application prospects in physics, chemistry, and biology.

Coupling the phonon field to qubits has sparked a research boom in quantum acous-
tics. Phonons are vibrating quantized representations of ions or atoms in crystals [9].
Phonon characteristics are closely related to the transport properties of crystalline materials,
elementary excitation lifetimes, spectral line widths, magnetic susceptibility, and thermal
properties. Phonons have been applied to superconducting qubit computing [10-16] be-
cause of the advantages of small wavelength and no radiation. The spin entanglement,
spin squeezing, and phonon transduction have been carried out by coupling phonon to
artificial dopants mechanically or electromagnetically, such as the NV center [17-19]. Schol-
ars have found that the spin state of the NV center is related to the phonon mode of a
diamond [20-31]. The deformation potential of the phonon-spin coupling strength of the
NV center is related to the energy gap, and its spin coherence leads to a weak phonon
coupling of the ground state spin. The degree of phonon coupling in the excited state spin is
six orders of magnitude larger than in the ground state spin [32,33]. Therefore, the coupled
control of the NV center can be achieved through phonon-coupled multiphysics [34].

The phonon piezoelectric device of the NV center is a mechanical and electrical cou-
pling device that can provide phonon-coupled manipulation. Mathematical modeling,
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finite element method, and equivalent circuit modeling are used in designing and optimiz-
ing the phonon device structure of the NV center [35]. Diamond is a semi-infinite substrate,
and ZnO is the piezoelectric layer in the phonon piezoelectric device. The phonon propaga-
tion characteristics can be analyzed intuitively using the finite element method. It depends
on the structural and material parameters of the phonon piezoelectric device. In order to
verify the phonon-coupled spin manipulation method, the structure of the phonon device
of the NV center is designed and optimized, and the structure is a MEMS, implemented
and experimentally verified in this paper.

The paper is organized as follows: In Section 2, a phonon-coupled manipulation
mechanism and acoustic characteristics of the phonon piezoelectric device of the NV center
are presented. In Section 3, the structural optimization of phonon piezoelectric devices of
the NV center is described. Phonon-coupled manipulation experiment of the NV center is
reported in Section 4. Finally, conclusions are presented in Section 5.

2. Phonon-Coupled Manipulation Mechanism and Acoustic Characteristics of the
Phonon Piezoelectric Device of the NV Center

2.1. Phonon Resonance Structure and Acoustic Manipulation Mechanism of the NV Center

A negatively charged NV center is selected in this paper, which contains six electrons,
two from nitrogen atoms, three from carbon atoms adjacent to the vacancy, and one trapped
electron. The structural model of the phonon piezoelectric device of the NV center design
is shown in Figure 1a, including an interdigital transducer (IDT) layer, a ZnO piezoelectric
membrane layer, and a diamond substrate. The ZnO piezoelectric membrane is grown
on the surface of the diamond. IDT is deposited on the surface of the ZnO piezoelectric
membrane layer with the phonon-coupled manipulation method, multiphysics fields
such as magnetic field, radiofrequency (RF) field, microwave, and laser perform resonant
coupling regulation of the NV center. Phonon-coupled manipulation mechanism of the NV
center is shown in Figure 1b. The blue sideband transition is manipulated by the phonon
coupling of the phonon field-driven system from |g > state to |e > state in the presence
of a phonon-containing field. This system is equivalent to a spin transition between two
lower state phonon ladders, where Qp is the phonon equivalent Larmor frequency, () is
the actual Larmor frequency, and )1 = Qp + () is the effective Larmor frequency. The
frequency of the laser is in a normal distribution interval (as shown in the green area
in Figure 1b). For the non-phonon-coupled case, photons with wavelengths of 532 nm
(whose corresponding actual Larmor frequency is ()p) can achieve excitation of the NV
center. For the phonon-coupled case, photons with a wavelength of more than 532 nm
(whose corresponding actual Larmor frequency is (g = ()1 — ()p) can achieve excitation of
the NV center. More photons transition from the ground state to the excited state for the
phonon-coupled case.

The excited states of the NV center are strongly coupled to the wavelength lattice
strain. This electron—phonon coupling can lead to strain-induced energy transfer. For the
Ey states, the electron—phonon interaction Hamiltonian model describing strain-induced
energy transfer is [34]:

Hephonon = 718, (b +b™) [Ey>< Ey| (1)

where b is the annihilation operator of phonon, b™ is the generation operator of phonon,
8,= 8eckm/71/2 mwny, is the effective coupling rate of electron—phonon, ¢ represents the
band edge energy of lattice vibration, ¢, is the deformation potential, de. = (%) 8V, 8Vis
the local change in lattice volume due to longitudinal acoustic modes of lattice vibrations, kp,

is the wave number of the phonon mode, m is the effective mechanical mass oscillator, wp, is
the phonon oscillation frequency, and Ey is the strain-induced energy transfer excited state.
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Figure 1. Phonon-coupled resonance structure and manipulation mechanism of the NV center.
(a) Phonon-coupled resonance structure; (b) phonon-coupled manipulation mechanism.

For spin transitions manipulated by phonon coupling, from ms= 0 to Ey state, the
effective Hamiltonian Hy, is [34]:

D 8 +
HR:h-T-w—m(b\Ey>< ms= 0] +b " |ms= 0 >< Ey|) )
where () is the Larmor frequency coupled to the state transition. The effective Larmor
frequency of the spin transition manipulated by phonon coupling is:

Qp= g1/ (n)-Qo/ wn 3)

where (n) is the average number of phonons.

Spin transfers into a three-level system during the phonon-coupled manipulation.
We use electron-phonon coupling to mediate the interaction between the NV center spins
and mechanical degrees of freedom. Electrons are trapped in two lower states, forming
a dark state resulting from the coherent superposition, which mediates and controls the
interaction between the NV center spin states and phonon modes, given by:

v
\ORH+OA
where Qp and ()1 are the Rabi frequencies of two transitions coupled to ms = 0 and

mg = £1. Therefore, its Hamiltonian model for the quantum measurement of the NV
center for the phonon-coupled manipulation condition is:

b y>= (Qpm=+1>-0O4|m_ =0) 4)

1

H:h

i
DS%/ + %B'S + He—phonon +Hgr )

It shows that the resonance coupling regulation of the NV center solid-state spins can
be realized by phonon-coupled RF field and magnetic field.

2.2. Acoustic Characteristics Model of Phonon Piezoelectric Devices

During the phonon-coupled manipulation of the NV center, the acoustic wave propagates
in the ZnO piezoelectric membrane layer, and its acoustic propagation characteristic is [36]:

azui - 82

. U . . _
p atZ Cl]klaxlaxj (Z’ ]’ k’ l 1’2’3) (6)



Micromachines 2022, 13, 1628

4 0f 23

where p is the density of the ZnO piezoelectric membrane, u; is the displacement of the
ZnO piezoelectric membrane along the direction of x;, t is the time, and c¢;j is the elastic
stiffness matrix of the ZnO piezoelectric membrane.

ui= ajexp{jlwt — B(lix1+lxo+13x3)]} (i =1,2,3) 7)

where /1, I, and [3 are the direction cosine of the wave propagation, w = 27t f is the angular
frequency, and B :27” ; w; is the amplitude of the sound wave. It can be obtained from
Equations (6) and (7) that:

(Cijkllllj - P025ik) ax=0 ®)

where v = ‘1‘5’—22, dx=1(i = k) and é= 1(i # k). The elastic stiffness coefficient relationship
in the ZnO piezoelectric membrane for the acoustic wave with a given propagation direction
of the phonon piezoelectric device of the NV center is [26,36]:

C11 = C22 = (33,
C12 = €13 = €21 = €23 = (31 = C32;
Ca44 = €55 = Cep = 1/2(c11— €22);
C14 = C15= C16 = €24 = €25 = €6 = €34 = €35 = (36 = €41 = C42 = C43 = C44 = C45 = C46
= (51 = (50 = (53 = C54 = (56 = C61 = C62 = C63 = Coa = Ce5 = 0 )

because of the phonon propagating along the direction of x;. [y = I = 0, I3 can be solved
as follows: .

W_ @ (2 - (e

M= 1= —](1—%) 1= —j(1-5

4 (5 2 \VY2 (e , 2\
1§>:z§>:—](1—¥) z§>:—]<1—vlz>

where v; = +/ca4/p is the shear wave propagation velocity in ZnO piezoelectric membrane
layer, v; = +/c11/p is the longitudinal wave propagation velocity, and v is the propagation
velocity of the acoustic wave. Assuming that the displacement of the acoustic wave—particle
at an infinite distance from the surface of the ZnO piezoelectric membrane is zero, the wave
velocity equation satisfies [17]:

2 1/2 1/2
2] 2] ] an

[%n [%n ?JZ

(10)

The particle displacement of the acoustic wave is as follows:

iy = C| el —Ae*fﬂléz)’“} expljB(x3—ot)]
ANV2 T o (12)
Uy = O0uz = —jC(1— z2> [e],Bl3 X3 _ %311513 xs] expljB(x1—ot)]

)

1/2
where A = (1 - Z%) . The phonon propagation characteristics of the phonon piezoelectric
device, including the phase velocity v and the electromechanical coupling coefficient K2,
are introduced as follows:

The phase velocity v. The phase velocity v of the phonon piezoelectric device of the
NV center is related to the center frequency and the delay time. The symmetrical frequency

(fm—) and antisymmetrical frequency (fas+) of the phonon piezoelectric device correspond
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to the upper and the lower boundary frequencies, respectively. The solution method for
the phase velocity v of the phonon piezoelectric device is as follows:

v=foA
fo=(fimtfe ) /2= (fm—+fpms)/2 (13)
v=(fp_+fp)p

Electromechanical coupling coefficient K2. The electromechanical coupling coefficient
of the phonon piezoelectric device is defined as the ratio of acoustic wave mechanical
energy to excitation electrical energy, which can measure the acoustoelectric conversion
efficiency. The electromechanical coupling coefficient K? can be solved according to the
resonant frequency and antiresonance frequency in the admittance characteristic:

Kz:(fa%_frz) /fr2 (14)

2.3. Mathematical Construction of the Phonon Piezoelectric Device of the NV Center
(1) Model construction of the IDT of the phonon piezoelectric device
The IDT structure model of the phonon piezoelectric device of the NV center is shown

in Figure 2. The characteristic function of the phonon field according to the Bragg reflection
equation is as follows [36]:

p=mn/p+q (15)
91 (x) = R(x)e /™7
{¢4w—suwmw (10

where f is the acoustic wave number, g is the difference between the wave number and
the crystal wave number, ¢ (x) is the acoustic wave field in the +x direction, ¢_ (x) is the
acoustic wave field in the —x direction, R(x) and S(x) are gradient field in space x, which
satisfies the conditions as follows [36]:

R(x) = Rye /7
{50 s )

Ix
—_—

[ [ pl [
X=X1) —>|i|'<— | X=Xz

Figure 2. IDT structure model of the phonon piezoelectric device of the NV center.

Define the tuning parameters ¢ as:

S=w/v—m/p—jy (18)
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where v is the acoustic wave velocity; -y is the acoustic wave loss. The differential decom-
position equation of the phonon piezoelectric device is:

dR(x

—jOR(x) + jxS(x) + jaV
dexJSZ —jK*R(x) + joS(x) — ja"V (19
B = —j2a’R(x) — j2aS(x) + jCwV

where «* is the reflection coefficient of the phonon device, a is the transduction coefficient of
the interdigital transducer, C is the capacitance, and V is the excitation amplitude voltage.

(2) Structural unit analysis of the phonon piezoelectric device

In this section, the finite element method is used to analyze the structural unit of
the phonon piezoelectric device. The structural unit model of the phonon piezoelectric
device of the NV center is shown in Figure 3a, which consists of an IDT unit layer, a
ZnO piezoelectric membrane unit layer, and a diamond substrate unit. Structural unit
parameters are set as follows: the IDT period A is set as 0.5 um; the IDT electrode width m is
set as 0.25 pm; the IDT electrode thickness is set as 0.02 um; the IDT interdigital width n is
set as 0.25 pum; the diamond thickness h; is set as 0.4 pm; the ZnO piezoelectric membrane
thickness h; is set as 0.4 pum. The piezoelectric membrane unit layer’s crystal structure of
Zn0 is shown in Figure 3b. The crystal orientation can be changed by setting the Euler
angles («, B, 7y) of the ZnO piezoelectric membrane layer by rotating the coordinate system
(as shown in Figure 3c).

Figure 3. Structural unit model of phonon piezoelectric device and ZnO microstructure. (a) Structural
unit model of phonon piezoelectric device; (b) the crystal structure of ZnO; (c) a plot of rotation
coordinate of ZnO.

The potential, Rayleigh, Sezawa, and Love wave distribution of the phonon piezoelec-
tric device are shown in Figure 4a—d. The potential distribution on the surface of the ZnO
piezoelectric membrane layer is uneven. The displacement components of the Rayleigh
wave, Sezawa wave, and Love wave are concentrated in the x-direction, z-direction, and
y-direction. Under the incentive conditions in this paper, the mechanical displacement field
of the structural unit of the phonon piezoelectric device is in the magnitude of 1071 m
The ZnO piezoelectric membranes with Euler angles of (0°, 0°, 0°) and (0°, 90°, 0°) were
selected, respectively. The input conductance characteristics and resonance mode shapes of
the structural unit of the phonon piezoelectric device are studied, as shown in Figure 5. It
can be seen from Figure 5a that the first mode and fourth mode of the phonon piezoelectric
device with Euler angles of (0°, 0°, 0°) are the Rayleigh wave. Their resonance frequencies
are 952 MHz and 1248 MHz. The second mode and the third mode are the Sezawa mode.
Their resonance frequencies are 1039 MHz and 1130 MHz. In Figure 5b, the acoustic wave
propagation direction of the phonon piezoelectric device with Euler angles of (0°, 90°, 0°)
is perpendicular to the z-axis. The first two resonant vibration modes are Love modes, and
their resonant frequencies are 485 MHz and 1464 MHz. The acoustic wave fluctuation in
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the phonon piezoelectric device is much larger than in the diamond. Different Euler angles
will affect the excitation and propagation characteristics.

1
0.9

0.8
0.7

0.6
0.5
0.4

0.3 7.5
0.2 5
0.1 2.5
0 > 0
Potential Displacement

(b) Rayleigh wave (c) Sezawa wave (d) Love wave

Figure 4. Potential, Rayleigh, Sezawa, and Love wave distribution of the phonon piezoelectric device.
(a) Potential distribution; (b) Rayleigh wave distribution; (c) Sezawa wave distribution; (d) Love
wave distribution.
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Figure 5. Admittance characteristics for different crystalline phonon device structural units.
@) (0°, 0°,0°) ZnO; (b) (0°, 90°, 0°) ZnO.

3. Structural Optimization of Phonon Piezoelectric Device of the NV Center

3.1. Finite Element Model of the Phonon Piezoelectric Device

(1) Mathematical model

In this section, the finite element analysis method is used to simulate the propagation
characteristic of the phonon piezoelectric device of the NV center. It is solved by the element
matrix, which can be established using the type function, piezoelectric equation, variational
equation, and virtual work equation at the element nodes. The mechanical characteristic of
the phonon piezoelectric device of the NV center is expressed as:

Mu(8) [y, +Dute(t) 1y, + Kt () [, = Fp+Fs+Fp (20)

The matrix equation of the piezoelectric coupling field of the phonon piezoelectric
device of the NV center is:

K5¢u(t) li—t, T Kup@(t) ;== Qs+Qp (21)

In Equations (20) and (21), M is the mass matrix of the ZnO phonon piezoelectric
membrane, Ky, is the mechanical body force matrix, Fp is the body force matrix, Fs is
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the mechanical surface force matrix, Fp is the mechanical point force matrix, D, is the
mechanical damping matrix, Ky, is the piezoelectric coupling matrix, Qs is the surface
charge matrix, Qp is the point charge matrix, u is the displacement of the ZnO piezoelectric
membrane, ¢ is the electric potential, u(f) ‘t:tl is the nodal displacement in the natural
mode for t; time, and ¢(t),_,, is the electric potential for #; time.

Regardless of the mechanical damping, let D,,= 0, and ¢ is eliminated. The matrix
equation of the ZnO piezoelectric membrane of the phonon piezoelectric device is:

Mu(t) |t:t1+(Kuu_KWPK3<p)u(t)|t:t1: Fp+Fs+Fp—Kup(Qs+Qp) (22)

The homogeneous solution of Equation (22) corresponds to the various modes in the
model and the frequencies corresponding to the various modes. The standard solution of
u(t) is:

u(t) = u-elt (23)
where u is the nodal displacement matrix in natural mode, and w is the modal frequency.
According to Equations (22) and (23), it can obtained that:

u (—wZM + Ky fKWpI(EqJ S (24)
Its standard solution satisfies:

’—wZ M + Ky —KugKD, | = 0 (25)

The modal frequency w can be solved by Equation (25). Its modal displacement matrix
u can be solved by Equation (24).

(2) Finite element model and boundary conditions

The acoustic field of the phonon piezoelectric device of the NV center was simulated
at the frequency range of [600,1600] MHz. The material of the IDT is copper. The substrate
material of the piezoelectric membrane layer is the ZnO crystal. The structural unit type
is set as a hexahedral eight-node element. The geometric grid model and the mechanical
and electrical boundary conditions of the phonon piezoelectric device of the NV center
are shown in Figure 6. The mesh size of the phonon piezoelectric device is set to 0.5 pm.
The electrode part is divided by the mapping grid. Five grid cells are scanned along the
thickness direction of the IDT. Face 1 is the voltage excitation boundary condition. Face
2 is the reference charge boundary condition. Face 3 is the reference voltage boundary
condition. Face 4 is the fixed boundary condition. Face 5 is the perfect boundary layer.
Simulation structure parameters of the phonon piezoelectric device of the NV center are
shown in Table 1.

IDT-Excitation tail 1-Voltage excitation 3-Reference voltage

/ 2-Reference charge 4-Fixed boundaries
# ////7// 5-Perfect boundaries
1315

13 = .. .
13 IDT-receiving tail

Diamond 23232323

4&5 ¥

IDT local mesh

Overall grid size: 0.5 um
IDT local mesh size: 0.1 um Overall grid

Figure 6. The geometric grid model and boundary conditions of the phonon piezoelectric device.
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x107m f

Table 1. Simulation structure parameters of the phonon piezoelectric device of the NV center.

Layer Size Value
Length/(pum) 10
Width/(um) 1
IDT Thickness/(pum) 0.1
Spacing/(um) 1
Length/(pm) 70
ZnO Width/(pum) 10
Thickness/(um) 04
Length/(um) 70
Diamond Width/(pum) 10
Thickness/(um) 10

(3) Simulation results of phonon field characteristics

The phonon field properties of the phonon piezoelectric device were analyzed on the
basis of the modal method. Its modal frequency is set as [600,1600] MHz, and its step size is
set as 100 MHz. Secondly, the modal superposition method is used to analyze the harmonic
response of the geometric model with different IDT spacings. The modal analysis and the
harmonic response analysis results of the phonon device geometric model are shown in
Figures 7 and 8.

700MHz

nm  x107m nm  xI1G7m 9 nm
01 2} 800MHz 03 | 900MHz | go7
009 20 20 {

Io.os B 05 5 l”f’
007 10 o2 10
0.06
0.05
0.04
0.03
0.02
0.01
0

9 10 11x10°m

1000MHz

nm
0.8

0
7 8 9 10 11x10°m 1 2 3 4 5 6 7 8 9 10 11<0°m

(© (f)

0
9 10 11x10°m 1 2 3 4 5

Figure 7. Phonograph displacement field in different resonant frequencies of the phonon piezoelectric
device of the NV center. (a) 700 MHz; (b) 800 MHz; (c¢) 900 MHz; (d) 1000 MHz; (e) 1100 MHz;
(f) 1200 MHz.

Figure 7 shows that the displacement inside the diamond substrate is negligible
relative to the mechanical displacement of ZnO. The acoustic wave energy decays rapidly
in the thickness direction of the substrate. It is concentrated on two wavelength scales.
The acoustic wavelengths in the ZnO piezoelectric layer are 5.3 x 107®m, 4.2 x 107® m,
32%x107%m,2.7 x 107®m, 2.4 x 107® m, and 2.2 x 10~® m at the resonant frequencies
of 700 MHz, 800 MHz, 900 MHz, 1000 MHz, 1100 MHz, and 1200 MHz. The maximum
displacements of the acoustic waves are 0.1 nm, 0.3 nm, 0.7 nm, 0.8 nm, 2.5 nm, and
1.4 nm, respectively. Figure 8a—d correspond to the average particle displacements at the
interface of the diamond and ZnO piezoelectric membrane inside the diamond at the IDT
excitation tail and the IDT receiving tail at the IDT space of 1 pm. Simultaneously, the ZnO
piezoelectric layer of 2 um and 3 pm IDT space are also simulated. The resonant frequency
of the phonon piezoelectric device is 1096 MHz at the IDT space of 1 um. The maximum
displacement at the interface of the diamond and ZnO is 5.19 x 1071 m. The maximum
displacement of the IDT receiving tail is 1.58 x 10~ m, which is much larger than that
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inside the diamond. The phonon piezoelectric device with the IDT space of 1 um, 2 um,
and 3 pm has resonant frequencies of 1096 MHz, 657 MHz, and 412 MHz, respectively.
According to the literature opened by our team before [21], the phonon state density e for
different IDT space is: e1m: €2pm: €3 pm ~ 1:0.5:0.3.

6x10710 - - 2.5x10710
‘ Diamond/ZnO mterface‘ Inside the diamond
5x10710 2.0x10710
—_ ok 1096 MHz —_ 1096 MHz
£ 410 £ 154010
z -10 = l
g 3x10 3]
£ [ £ 1.0x10710
2 2xa00 g ‘ |
& & 5x101 il
A 1107101 a {
0 0
600 8(IJO 10‘00 12‘00 14I00 1600 600 860 10‘00 12‘00 ‘14I00 1600
Frequency/(MHz) Frequency/(MHz)
() (b)
1.4x1078 s
12108 ‘ — IDT-excitation tail 1.5x107° : —IDT-receiviné tail
2x
1.2x1078 1096 MHz
__1.0x1078f 1096 MHz s i i
§ 8x109 1 E’ 9x10~°
§ £
£ 6x107° ' E 6x1070 LI
& &
= —9 : =
g 10 ] 2 3x107 | M -1
2 24079 AT, LTI e
0 0
600 860 10b0 12I00 14‘00 1600 600 8[I)0 lOIOO lZIOO 14‘00 1600
Frequency/(MHz) Frequency/(MHz)

(© (d

Figure 8. Relationship between displacement and frequency of the phonon piezoelectric device.
(a) Diamond-ZnO interface; (b) inside the diamond; (c) IDT excitation tail; (d) IDT receiving tail.

3.2. Structural Optimization of the Phonon Piezoelectric Device

(1) Geometry parameters

IDT electrode positions are optimized on the basis of the structural model of the
phonon piezoelectric device in Section 3.1. Phonon piezoelectric devices with different
electrode positions, including four cases (shown in Figure 9), were analyzed. In addition,
the (100) ZnO with Euler angles of (0°, 0°, 0°) and the (002) ZnO with Euler angles of
(0°,90°, 0°), respectively, were analyzed. The specific description is as follows: Case 1: the
IDT electrode is located on the ZnO piezoelectric membrane layer. Case 2: the IDT electrode
is located between the diamond and the ZnO piezoelectric membrane layer. Case 3: the ZnO
piezoelectric membrane material is (100) ZnO. Case 4: the ZnO piezoelectric membrane
material is (002) ZnO. The IDT electrode (thickness of 0.1 pm) is located on the surface
of the ZnO piezoelectric membrane in both Case 3 and Case 4. The material parameters
of the phonon piezoelectric device of the NV center are shown in Table 2. The boundary
conditions are the same as those in Section 3.1. The optimized parameters of the IDT
electrode size used are shown in Table 3.

(2) Optimization results

The acoustic characteristics of the phonon piezoelectric device are listed in Section 3.1.
The phase velocity v and the electromechanical coupling coefficient K? are analyzed in this
section. The electrode input admittance characteristics of the phonon piezoelectric device
of the NV center for different cases are analyzed, as shown in Figure 10. Four peaks can
be observed, the first peak is the low-order mode (M11 mode) Rayleigh wave, the second
peak is the low-order mode (M21 mode) Sezawa wave, and the third peak is the high-order
mode (M22 mode) Sezawa wave, and the fourth peak is the high-order mode (M12 mode)
Rayleigh wave. The modal waveforms for different cases are shown in Figure 11.
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( Case 1 N ( Case 2 h
IDT ‘ IDT
\ ' J U | /
N N
g Case 3 g Case 4
IDT IDT
(1000 ZnO (002) ZnO
. N J
< —IDT ZnO
—
Diamond
Figure 9. Phonon piezoelectric device structure of the NV center for 4 cases.
Table 2. Material parameters of phonon piezoelectric device of the NV center.
Parameters Symbol Diamond (100) ZnO (002) ZnO
11 11.531 2.096 2.096
- - c12 0.864 1.205 1.205
Elas(tigf%’ I%"/eglf)le“t 13 0.864 1.046 1.046
33 11.531 2.106 2.106
Caq 5.333 0.423 0.423
Tepq —0.14 -1.12 -1.12
Temperature Coefficient Teqn —0.57 —1.61 —1.61
(10=4/°C) Tcsz —0.14 -1.23 -1.23
Teyy —0.125 —0.70 —0.70
Piezoelectric constant e15 o —0.48 o
(C/mz) €31 — —-0.573 —
€33 — 1.321 —
. e €11/ €o 5.67 8.55 —0.48
Relative permittivity £33/€0 5.67 102 o
Density (10> kg/m?) P 3.512 5.665 —0.573
Density Temperature Coefficient _ _
(10-6/°C) Tp 3.6 10.1 1.321
Table 3. Optimized parameters of the IDT electrode size and the ZnO layer’s thickness.
Cases The Thickness of the Cases The Thickness of the
IDT/(nm) ZnO/(nm)
a 80 a 200
b 100 b 400
Case 1 c 120 Case 3 c 600
d 140 d 800
a 80 a 200
b 100 b 400
Case 2 c 120 Case 4 c 600
d 140 d 800

The relationship between the phase velocity characteristics and the thickness of the
IDT layer for different cases is shown in Figure 12a,b. The phase velocities of the M11 mode
and M12 mode of the phonon piezoelectric device are greater than those of the M21 mode
and M22 mode. The phase velocity of the Sezawa wave mode is smaller when the IDT layer
is located between the ZnO piezoelectric membrane and the diamond. The phase velocity
characteristic curves for different thicknesses of the ZnO piezoelectric membrane layer
and the Euler angle are shown in Figure 12¢,d. In Case 3 and Case 4, the phase velocity
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of the phonon piezoelectric device decreases with the increase in the thickness of the ZnO
piezoelectric membrane layer. The phase velocities in M11 mode and M12 mode are larger
than those in M21 mode and M22 mode.
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Figure 10. Electrode admittance characteristics of the phonon piezoelectric device of NV center for
different cases. (a) Case la. (b) Case 1b. (c) Case 2a. (d) Case 2b.
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Figure 11. Modal waveforms for different cases.

The potential oscillation period of the phonon piezoelectric device for Case 1 and
Case 2 are shown in Figure 13. The potential of the structural unit of the phonon piezo-
electric device changes periodically with the excitation frequency. The potential oscillation
period is divided into eight stages, and a high-potential region and a low-potential region
appear in Case 1. The potential in the first four stages gradually evolves from single mode
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to multimode, and the potential in the latter four stages gradually evolves from multimode
to single mode. In Case 2, the potential oscillation period is divided into twelve stages,
and the evolution periods are single mode, multimode, one-time inversion, single mode,
multimode, and second-time inversion.

3000 |- #—— g e —— — |

—— M11 mode Case 2
—&— M12 mode

2950 L —&— M11 mode Case 1
—&— M12 mode

% 2900 | —a— M21 mode | —&— M21 mode
= 2850 || —¥—M22 mode | —v—M22 mode
> —— . Y
- /v
5 2800 | L —o—
S
£ 2750 - L
3
L o — L
§ 2700

wsobv—m . —— [ —

2600 1 1 1 1 1 1 1 1 1 1 1 1
0.8 0.9 1.0 1.1 1.2 13 14 0.8 0.9 1.0 1.1 1.2 1.3 14
h,./(um) h,,,/(um)
3200 (a) (b)
3100 Case 3 —&— M11 mode Case 4 —=&— M11 mode
—— M12 mode —&— M12 mode

@ 3000 —4— M21 mode —a— M21 mode
2]
E —v— M22 mode —¥— M22 mode
S 2900 | L
2
3 2800 -
o
>
¥ 2700 -
<
£

2600 L

2500 1 1 1 1 1 1 1 1

200 400 600 800 200 400 600 800
h, /(nm) h, /(nm)

(© (d)

Figure 12. Phase velocity characteristics of the phonon piezoelectric device for different cases.
(a) Case 1. (b) Case 2. (c) Case 3. (d) Case 4.

The electric field mode and current density mode of the phonon piezoelectric device
for Case 1 and Case 2 are shown in Figure 14. The electric field mode and the current
density mode are shear wave modes of oscillatory variation along the x-direction for Case 1.
The electric field mode inside the ZnO piezoelectric membrane layer is a single-mode
state, and the current density mode is a longitudinal wave mode of oscillation along the
x-direction for Case 2. The electromechanical coupling coefficient K? for different cases
is shown in Figure 15. The electromechanical coupling coefficient K? of the M12 mode,
M22 mode, M21 mode, and M11 mode for Case 2 is larger than those for Case 1. The
electromechanical coupling coefficient K? of the phonon piezoelectric device in the Sezawa
wave coupled mode increases and then decreases with the increase in the thickness of the
Zn0 piezoelectric membrane layer for Case 3 and Case 4. The electromechanical coupling
coefficient K2 of (100) ZnO phonon device is larger than that of (002) ZnO phonon device.
When the thickness of the (100) ZnO piezoelectric membrane layer is [400,600] nm, it has
optimized electromechanical coupling coefficients for four modes.
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Figure 13. Potential oscillation period of the phonon piezoelectric device.
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Figure 14. Electric field mode and current density mode of the phonon piezoelectric device.
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Figure 15. Electromechanical coupling coefficient K? for different cases. (a) Case 1. (b) Case 2.

(c) Case 3. (d) Case 4.



Micromachines 2022, 13, 1628

15 of 23

(1): Cleaning of the diamond

4. Phonon-Coupled Manipulation Experiment of the NV Center
4.1. MEMS Implement of the Phonon Piezoelectric Device of the NV Center

The phonon piezoelectric device of the NV center is designed on the basis of the
optimized structure in Section 3. The size of the diamond with the NV center is
4800 um x 4400 um x 1000 pum. The size of the (100) ZnO is 4600 pm x 4400 um x 400 um. The
width of the interdigital is 3 um. The width of the interdigital gap is 6 um. The thickness of
the interdigital gap is 300 nm. The thickness of the electrode is 1 um. The MEMS structure
size of the phonon piezoelectric device of the NV center is shown in Figure 16.

4400 pm
4000 um Interdigital width: 3 pm

\

A

Interdigital gap width: 6 um
Interdigital length: 1700 um

Cu - ZnO D Diamond

Interdigitate

4800 um
4600 pm

Figure 16. The MEMS structure size of the phonon piezoelectric device of the NV center.

We use MEMS technology to prepare the phonon piezoelectric device of the NV center.
Figure 17a shows the specific MEMS implementation process: (1) Clean the diamond
samples; (2) ZnO surface coated with photoresist; (3) photoresist surface covered with
interdigitated electrode pattern; (4) exposure and development; (5) deposit the copper
membrane, and the thickness ratio of the titanium adhesion layer and the copper is 1:5;
(6) lift off—the sample was placed in an acetone solution, and the photoresist and the
metal layer above are stripped off under the ultrasonic waves; (7) Bonding of ZnO to
diamond. The prepared phonon piezoelectric device of the NV center was characterized
by an M330-HKS830 optical micrograph (Its manufacturer is AOSVI, which is located in
Shenzhen, China), as shown in Figure 17b.
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Figure 17. MEMS implementation of the phonon piezoelectric device of the NV center. (a) MEMS
process. (b) Optical micrograph.
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4.2. Phonon-Coupled Manipulation Experiment

(1) Experimental environment and platform

The temperature, humidity, and air pressure of the NV center measurement carried out
are in natural conditions. The experimental platform is the quantum diamond single-spin
spectrometer system (Its manufacturer is CIQTEK, which is located in Hefei, China), as
shown in Figure 18. This system is divided into multiple submodules, including the optical
module, probe module, magnet module, microwave module, arbitrary sequence generation
module, radio frequency module, main control module, power module, optical stabilization
platform, workstation, air compressor, and other parts. The optical platform is used for the
vibration isolation of the optical path and the probe module. Microwave modules, power
modules, main control modules, and arbitrary sequence generation modules are placed in
the control cabinet. The diamond sample, the radiation module, the probe module, and the
magnet module interact with the control cabinet through the computer. The block diagram
of the quantum diamond single-spin spectrometer system is shown in Figure 19.

Probe Module

: Optical module

Computer

Control cabinet Optical platform Air compressor

Figure 18. Quantum diamond single-spin spectrometer system.

[~ —— - —————= I ettt B Rl
| Optical platform | : Control cabinet : : Computer :
I
I Diamond | [ Microwave I I |
I sample | [ module | | |
| I | I | | |
Radiation | Displacement
: module |<—>| control :<->I PC software :
| | | I
I
I Probe Module <ap| C(?nfocal I I Power module I I I
| Optical path | | | |
| I | | I | | |
[ Magnet module | | Signal collection I | |
- e e e — = l —_— — —_ — — Jd —_ - - —_ =4

Figure 19. Block diagram of the quantum diamond single-spin spectrometer system.

The prepared phonon piezoelectric device is coupled to the probe module. It is excited
by a radio frequency signal generator through a phonon excitation circuit. The schematic
diagram of the architecture of the phonon-coupled manipulation module is shown in
Figure 20.

The schematic diagram and physical photograph of the phonon-coupled radiation
structure are shown in Figure 21a,b. The radio frequency signal generator generates a
phonon excitation source by amplifying the radio frequency signal. The phonon-coupled
radiation structure is connected to the radio frequency amplifier through the phonon
excitation conduction plate and the phonon excitation input SMA port. The phonon device
of the NV center is placed on the glass slide above the optical hole of the radiation structure
and is the core component of the phonon-coupled manipulation module.
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Figure 20. The architecture of the phonon-coupled manipulation module.
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Figure 21. Phonon-coupled radiation structure and its physical photograph: (a) phonon-coupled
radiation structure; (b) physical photograph.

(2) Experimental method

The experimental method includes six steps: (1) Characterizing the diamond sam-
ples. The diamond samples were optically characterized and selected with fewer impurities
and higher purity (more than 99%). (2) Coarse adjusting the position of the NV center.
Coarse adjustment is accomplished by adjusting the position of the micrometer stage to
focus the laser on the surface of the diamond. (3) Selecting an appropriate NV center.
The laser irradiated the diamond continuously. We focused the fluorescence position on
the NV center by nanostage fine-tuning the position of the diamond. (4) Optical detec-
tion magnetic resonance (ODMR) measurement (the sequence is shown in Figure 22a).
(5) Rabi measurement. Firstly, the NV center was radiated by a microsecond continuous laser
pulse. Secondly, the spin state was polarized to mg= 0. A microsecond was waited to let
the electronic return to the ground state. Finally, the resonance microwave of T duration is
loaded, and the laser pulse is used to perform self-rotational reading (the sequence is shown
in Figure 22b). (6) Ramsey measurement. A few microseconds of continuous laser pulse
were applied to the diamond. Then, a pause for 1 ps to initialize the spin state to the ground
state. The 77/2 pulsed microwave (Measured by the Rabi oscillation experiment) was loaded
to transform the spin state into a coherent superposition state. After the free evolution of
time T, the relative phase of superposition accumulation ¢= 27tyB/ 7. The second pulsed
microwave was loaded to project the accumulated phase information of spin states “[0)” and
“|1)”, thereby inferring the relative population of spins. The ODMR spectrum is obtained by
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continuously changing the microwave frequency and collecting fluorescence counts. Two
fluorescence counts have been collected: the signal value (SIG) and the reference value (REF).
The signal value is the fluorescence count corresponding to the quantum state readout after
microwave manipulation. The reference value is the fluorescence count corresponding to the
direct readout of the fluorescence signal after the laser initializes the quantum state. Contrast
is defined as (SIG-REF)/REF to reduce the error.

Laser I
MW MW1 ! MW2 eeoe
1
|
Coumt | SG1 || mem ||| s | Rem |
[
(@)
|

I
MW m ! AT
t
Count w REF1 : @‘ ’@‘
1

(b)

I
- |
Tr/2 Tr/2 Tr/2 Tn/2
MW : e

Count SIG1 | |REF1 : ]@‘ REF 2
©

Figure 22. (a) ODMR measurement sequence. (b) Rabi measurement sequence. (c¢) Ramsey measure-

ment sequence.

(3) Experimental results

Characterization of the diamond with the NV center is shown in Figure 23. It has
superior manipulation and measurement capabilities when selecting a single NV center
point in a relatively pure area near the copper wire. The fluorescence in the range centered
on the single NV center is scanned and counted along with the X, Y, and Z-axis directions,
and the fluorescence scanning curve is also shown in Figure 23. It has a distinct unimodal
characteristic, which indicates that the selected NV center is effective.

We applied 350 MHz acoustic excitation and a 4.6 G magnetic field along the NV axis.
Time-domain measurement at the MW frequency of 2870 MHz and the ODMR spectrum
for different cases are shown in Figure 24, including the non-phonon-coupled case and
the phonon-coupled case (including Case 1 and Case 2). In Case 1, IDT is deposited on
the surface of the (100) ZnO piezoelectric membrane layer. In Case 2, IDT is deposited on
the interface of the diamond and (100) ZnO piezoelectric membrane. The time-domain
measurement result shows that the phonon-coupled case with the average fluorescence
count at the MW frequency of 2870 MHz is about 992 within 100 s. That count for the
non-phonon-coupled case in the same condition is about 982. It can be shown from the
ODMR spectrum that the ms= +£1 state is split into ms= —1 and ms;= +1. The microwave
resonance frequencies for the non-phonon-coupled case are 2857.62 MHz and 2882.44 MHz.
The microwave resonance frequencies for the phonon-coupled case are about 2857 MHz
and 2882 MHz, both of which are symmetrical, about 2870 MHz. However, the fluorescence
intensity for the phonon-coupled case is higher than that of the non-phonon-coupled case.
In Case 1 and Case 2, the average fluorescence intensity increased by 1.02% and 1.29%,
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988

respectively, compared with the non-phonon-coupled case. The possible reason is that more
photons jump with phonon-coupled manipulation. This phenomenon is more obvious
around microwave frequencies. The bandwidth of the resonance peak for the phonon-
coupled case is larger. Compared with Case 2, the fluorescence intensity is more unstable
for Case 1.
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Figure 23. Characterization of the diamond sample with the NV center and its X, Y, and Z-axis
fluorescence scanning curve.
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Figure 24. (a) Time-domain measurement at the MW frequency of 2870 MHz (b) ODMR spectrum.

The Rabi measurement results for the phonon-coupled case and the non-phonon-
coupled case are shown in Figure 25. The 7t pulse time of the single NV center for
the phonon-coupled case is 148.04256 ns, and that for the non-phonon-coupled case is
148.998 ns. The Rabi oscillation amplitude increased by 1.14% for the phonon-coupled
case. Distortion microwave frequency 2867 MHz was applied to measure the Ramsey
oscillation for the phonon-coupled case and non-phonon-coupled case (see Figure 11). In
these two cases, Ramsey oscillation rendered a good cycle characteristic, as shown in the
fitting function in Figure 26. Compared with the non-phonon-coupled case, the Ramsey
oscillation for the phonon-coupled case has a greater oscillation amplitude (about 2.36%
higher), bringing an obvious phase recognition effect. The phase shift effect is not obvious.
In addition, it can be seen from the attenuation coefficient that the decoherence time for the
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phonon-coupled case is higher than the non-phonon-coupled case, improving the validity
of spin measurement.
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Figure 25. Rabi measurement results. (a) Non-phonon-coupled case. (b) Phonon-coupled case.
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Figure 26. Ramsey measurement results.

According to Figures 24-26, the ODMR linewidth I'opmr and contrast Copyr are
expressed as follows:

inh h 47kP
T'opmr= rg%h)/[R + r(()l%MR 1+TMW (26)
ODMR 71
47kP
Copwr = COuik . @7)
4rtkPvw+H opvmr Y1

where I’gl])DMR: 78 MHz and I’(Ongll\),m = 0.5 MHz are the homogeneous and inhomogeneous
line widths in the absence of power broadening. Py = —6 dBm (0.251 mW) is the MW
power, k ~ 20 MHz is a proportionality factor such that kPygy is the spin Rabi frequency, and
Y1 & 22 MHz is the effective spin relaxation rate. The population transfer rate I is obtained:

1/00+Qp 3( h >2< hg )
[=— | ——— 1l—— 1+——">="—— 28
3 ( kT ) 0+0r ) 2000+ 0n) @8)
where kg= 1.38 x 1072 J/K is the Boltzmann constant; T = 298.15 K is the room temper-

ature; h = 6.63 x10734; J-s is the Planck constant; ¢ is the strain splitting; h& = 4.6 meV;
() = yB is the actual Larmor frequency, v is the gyromagnetic ratio, B = 80 G is the
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magnetic field along the NV axis; Qp= g,/ (n)-0y/wn, is effective Larmor frequency
of the spin transition for phonon-coupled manipulation case; (n) is the average number

of phonons; (y+Qp = ( wmOo+g,+/(n) ~QO> / W is the effective Larmor frequency of
the spin transition; g,= deckmv/71/2 mwp, is the electron-phonon effective coupling rate;

gc is the band edge energy during lattice vibration; de. = (%) 8V is the deformation

potential; 8V is the local variation of the longitudinal acoustic mode of the lattice vibra-
tion; ky is the wavenumber of the phonon mode; m is the effective mechanical mass
oscillator; wp, is the phonon oscillation frequency. Because the phonon state density e
for different IDT space is: €1, m: €2,um: €3um ~ 1:0.5: 0.3, number of phonons (n) = ke.
(Qo) non-phonon’ (Qo—l-Qp) 1 pum* (Qo—l-Qp) 2 um’ (Qo—l—Qp) 3 um ~ 1: 1.0102: 1.0071 : 1.0055.
According to Equation (25), the population transfers rate for different IDT space is:
Inon-phonon® 11 um: T2 ym: I3 pm ~ 1: 1.0309 : 1.0214 : 1.0166. The fluorescence tran-
sition efficiency at the IDT space of 1 um, 2 um, and 3 um for Case 2 increased by 3.09%,
2.14%, and 1.66%, respectively. It is basically consistent with the experimental results. So,
the phonon resonance manipulation method can effectively increase the NV center’s spin
transition probability with the MEMS phonon piezoelectric device prepared in this paper,
improving the quantum spin manipulation efficiency.

It is also obtained that the fluorescence measurement error op for phonon-coupled
manipulation case is:
o S Q0
S+ Su Qo+Qp
where S is the measurement value without environmental disturbance and Sy, is the extra mea-

surement value brought by environmental disturbance, so the error caused by external magnetic
field interference can be effectively compensated by the phonon-coupled control method.

op (29)

5. Conclusions

The phonon piezoelectric device of the NV center is designed on the basis of the
phonon-coupled regulation mechanism. The propagation characteristics and acoustic wave
excitation modes of the phonon piezoelectric device are analyzed. In order to improve the
performance of phonon-coupled manipulation, the influence of the structural parameters
of the diamond substrate and the ZnO piezoelectric layer on the phonon propagation
characteristics are analyzed. The structure of the phonon piezoelectric device of the NV
center is optimized, and its MEMS implementation and characterization are carried out.
Research results show that the electromechanical coupling coefficient K? of (100) ZnO
phonon device is larger than that of (002) ZnO phonon device. When the thickness of
the (100) ZnO piezoelectric membrane layer is [400,600] nm, it has optimized electrome-
chanical coupling coefficients for four modes. More photons jump with phonon-coupled
manipulation. This phenomenon is more obvious around microwave frequencies. The
bandwidth of the resonance peak for the phonon-coupled case is larger. The fluorescence
intensity is stable for the case of IDT deposited on the surface of the (100) ZnO piezoelectric
membrane layer. The fluorescence transition efficiency at the IDT space of 1 pm, 2 pum,
and 3 pm for Case 2 increased by 3.09%, 2.14%, and 1.66%, respectively. The phonon
resonance manipulation method can effectively increase the NV center’s spin transition
probability with the MEMS phonon piezoelectric device prepared in this paper, improving
the quantum spin manipulation efficiency.
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