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Abstract: Interaction between photons and phonons in cavity optomechanical systems provides a new toolbox for quantum
information technologies. A GaAs/AlAs pillar multi-optical mode microcavity optomechanical structure can obtain phonons
with ultra-high frequency (~THz). However, the optical field cannot be effectively restricted when the diameter of the
GaAs/AlAs pillar microcavity decreases below the diffraction limit of light. Here, we design a system that combines Ag nanocav-
ity with GaAs/AlAs phononic superlattices, where phonons with the frequency of 4.2 THz can be confined in a pillar with ~4 nm
diameter. The Q./V reaches 0.22 nm~3, which is ~80 times that of the photonic crystal (PhC) nanobeam and ~100 times that of
the hybrid point-defect PhC bowtie plasmonic nanocavity, where Q. is optical quality factor and V is mode volume. The optome-
chanical single-photon coupling strength can reach 12 MHz, which is an order of magnitude larger than that of the PhC
nanobeam. In addition, the mechanical zero-point fluctuation amplitude is 85 fm and the efficient mass is 0.27 zg, which is
much smaller than the PhC nanobeam. The phononic superlattice-Ag nanocavity optomechanical devices hold great potential

for applications in the field of integrated quantum optomechanics, quantum information, and terahertz-light transducer.

Key words: Optomechanics; phononic crystal; Ag plasmonic nanocavity; confinement; coupling

Citation: Z Y Li, H N Chang, J - M Lai, F L Song, Q F Yao, H Q Liu, H Q Ni, Z C Niu, and J Zhang, Terahertz phononic crystal in
plasmonic nanocavity[J]. J. Semicond., 2023, 44(8), 082901. https://doi.org/10.1088/1674-4926/44/8/082901

1. Introduction

The field of cavity optomechanics explores the interac-
tion between electromagnetic radiation and nanomechani-
cal or micromechanical motion!'. Cavity optomechanics has
important applications in precision measurement, regulation
of macroscopic quantum properties of matter, quantum mem-
ory, and so on2-¢l. To observe quantum effects on a microme-
chanical element, it should first be cooled to the quantum
ground state. An ultrahigh frequency THz GaAs/AlAs pillar
multi-optical mode microcavity optomechanical structure has
been proposed”l. The high phonon frequency range that is
obtained might even allow devices to be prepared in the quan-
tum mechanical ground state of motion at liquid-nitrogen tem-
peratures. Under blue-detuned driving, the photon-phonon
interaction produces Stokes sidebands that correspond to
phonon emission, due to an energy exchange between pho-
tons and phonons. In this process, the effective Hamiltonian
has the form of two-mode squeezing, which is useful for the
heralded generation of non-classical mechanical states or
amplification of the mechanical motion®l. For cavity optome-
chanics, to manipulate the quantum states precisely, enhance
the coupling strength®-'"), reduce the thermal effect of laser,
and achieve integration, it is important to reduce the vol-
ume of the optical coupling region. However, large mode vol-
umes of GaAs/AlAs pillar multi-optical mode microcavity are
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hard to further reduce due to the diffraction limitation of
light(® 12131, Plasmonic nano-antennas or plasmonic nano-cavi-
ties have the properties of localized surface plasmon reso-
nances, so they can confine light into volumes far below the
diffraction limit''4, In addition, the GaAs/AlAs phononic super-
lattices have high adjustability, which can be used to design
a narrow phononic crystal cavity. The combination of
GaAs/AlAs superlattices phononic crystal and plasmonic
nano-cavities is expected to reduce the mode volume and
enhance the single-photon optomechanical coupling
strength.

Here, we design a topological terahertz GaAs/AlAs phon-
onic superlattice in a plasmonic nanocavity, where silver (Ag)
plasmonic nanocavity is combined with GaAs/AlAs phononic
crystal superlattices, as shown in Figs. 1(a) and 1(b). The
phononic crystal cavity is designed to confine phonons in a
range of around 4 nm in diameter. The plasmonic nanocav-
ity with bowtie type put the phononic crystal superlattices
post in the middle, which makes the optical field covered
by the phonon range effective. The characteristic wave-
length of the plasmonic nanocavity is designed to be 1550 nm,
which has low loss in quartz fiber and has important applica-
tions in optical communication. The optical quality factor Q.
and optical mode volume V of cavity can attain 238 and 5 x
107 (A/n)3, respectively, and Q./V achieves 8.4 x 108 (A/n)73,
where A is the wavelength of the light and n is the refractive
index. The optomechanical single-photon coupling strength
reaches 12 MHz, which is an order of magnitude higher than
the conventional photonic crystal (PhC) nanobeam dielectric
cavity.
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Fig. 1. (Color online) (a) Scheme of a phononic superlattice structure and its unit cell. The thickness of the upper part GaAs (AlAs) layer is differ-

Frequency (THz)

8

w

N

Displacement magnitude (norm.)

0OF 0 1 OF ] .
00 05 10 00 05 10 00 015 1.0
k (r/a) k (n/a) k (r/a)
pr———— L
|
— (Y

ent from the lower part. (b) The system composed of GaAs/AlAs phononic superlattice and bowtie Ag nanocavity with SiO, underneath. (c) The

band inversion of GaAs/AlAs phononic superlattice 6 is negative, zero, and positive from the left-hand to right-hand in the figure, respectively.

The Zak phase of the middle band in each figure changes from 0 to .

2. Confinement of Terahertz phononsin
GaAs/AlAs phononic crystal

To obtain a phonon state, GaAs and AlAs occupy differ-
ent proportions in the upper and lower superlattices. At a
designed frequency f,, the total acoustic path length of the
unit cell is set to a half wavelength of phonons A/2, i.e., the
doans | dns _ |
VGaAs  ValAs 2f0
where v is the velocity of phonons. When a phonon tra-

verses in both layers of the cell at f,, the accumulated phase
shift is . To describe how the overall acoustic path length is
distributed between the two materials, a parameter —-1< § <1
is defined. Keeping f, constant, the thicknesses of the

Vi
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phgnon bands corresponding to cases where § is negative,
zero, and positive and band inversion can be found. Take the
middle band in each figure of Fig. 1(c) as an example: when
the Zak phase is m, the band is nontrivial topological and the
symmetry of modes between the center and the edge of the
Brillouin region is different; when the Zak phase is 0, the
band is trivial topological and the symmetry of modes
between the center and the edge of the Brillouin region is
the same. In this case, the reflection phases ¢4y and @y of
the upper and lower individual superlattices have to add up
to an integer multiple of 2m and a stationary wave is formed.
Then, a topological interface state confined between two con-
catenated superlattices is constructed for frequencies that fall
into a bandgap for both phononic crystals. Adjusting the thick-
ness of the superlattices, the frequency of phonons can
achieve around 4 THz, which helps to realize ground-state
gquantum states at about 200 K. The key of phononic state con-
finement is to confine the topological interface phononic
state in a superlattice pillar with diameters on the order of
the wavelength of phonons. By reducing the diameter of the
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superlattices, we can limit phonons to the region of the
nanometer scale.

The decrease of the diameter of the superlattices pillar
has a limit, which is related to the wavelength of phonons.
We know that the length of superlattices cannot be shorter
than the half wavelength of phonons. Therefore, shorter wave-
lengths are better to confine the phonons. This is another rea-
son why the eigenfrequency of phononic superlattices is
designed as high as the minimum thickness of GaAs and the
AlAs layer can be grown by molecular beam epitaxy (MBE). It
should be noted that the velocity of sound is different in
GaAs and AlAs, so only when the superlattice pillar
diameter takes a specific value, the topological phonon
states exist stably at the interface between two phononic
crystals. Here, the distribution of displacement magnitude
is calculated by the finite element method (FEM). The thick-
ness of the upper and lower half GaAs/AlAs units is 0.5121/
0.7412 nm and 0.6260/0.6064 nm, respectively, and the num-
ber of periods is 100. The density of GaAs and AlAs are set as
5370 and 3810 kg/m3. Fig. 2(a) shows the distribution of the
amplitude of the phonons at 4.26 THz with different superlat-
tice pillar diameters. Fig. 2(b) further quantitatively shows the
distribution of phonon amplitudes along the axial direction.
There are phonons vibrating in various directions. It can be
seen when diameter d takes 3.98 and 6.64 nm, there is the
obvious phononic state, which distributes in the interface of
phononic superlattices. While diameter d takes 3.60 nm and
5.50 nm, confinement of phonons is not good, which means
that there is no stable interface state. Fig. 2(c) shows the
change of ratio when the diameter takes from 3.32 to 46.50 nm.
We can see when the diameter is smaller than 10 nm, the
ratio periodically obtains the maximum value, and when the
diameter is larger than 10 nm, the ratio is stable, which
means that the interface phononic states can exist at almost
every size. Therefore, when we need to confine phonons
within a range that is as small as possible, the smallest diame-
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Fig. 2. (Color online) (a) The amplitude distribution of the topological interface phonons at 4.26 THz when the diameter of the superlattices pillar
is at 3.60, 3.98, 5.50, and 6.64 nm. (b) The amplitude of the phonons depending on the coordinate in the axial direction (z-axis) at 4.26 THz. The
phonon amplitudes at the z-axis coordinate 95-155 nm are framed in the black dotted box, where the phonon integrated amplitude is denoted
as iy. In addition, the overall phonon integrated amplitude is i,. We define the ratio as i,/i, to reflect the confinement of phonons under phononic
states with different diameters. (c) The ratio depending on the diameter from 3.32 to 46.50 nm.

Table 1. The comparison of phononic frequency, Qm, Xzpf and Meg
between different optomechanical system.

Photonic DBR /
PhC . .
System Phononic This work
nanobeam!'8! - -
superlattices!”)
Phononic ~5GHz 4.2 THz 4.2THz
frequency
Qn ~4.9 x 1010 ~300 2494
Xypt (fM) ~0.1 0.047 85
Mese 136 fg 0.92fg 0.27 zg

* We use the structure of the reference and recalculate the relevant
parameters. The same is true for the data in Tables 2 and 3.

ter is 3.98 nm. When the requirement of phonon restriction is
more than 10 nm, the diameter of superlattices can be arbitrar-
ily set according to actual needs.

We also calculate mechanical zero-point fluctuation ampli-
tude x,,r and effective mass meg of 4.26 THz phonon modes
at 3.98 nm diameter. X, is expressed as xy = Vh/2Megwnm,
where w, is the angular mechanical frequency. The x,¢is 85 fm
and the mgg is 0.27 zg, which is much smaller than PhC
nanobeam('6-18 and photonic distributed Bragg reflection
(DBR) phononic superlattices”! with micron level diameter, as
shown in Table 1. The mechanical quality-factor Q,, is 2494,
which is higher than photonic DBR/phononic superlattices!”..
The f x Q,, is around 10 PHz, which is much larger than kgT/h

with kg being the Boltzmann and h the Planck constant at T=
300 K. This is expected to achieve quantum ground state at
room temperaturel'9l, Furthermore, if the superlattice pillar is
isolated from the substrate to eliminate dissipation, such as
suspended by optical tweezers, then Q. can theoretically
reach ~10'6 and mechanical damping rate can be reduced to
~1 mHz, reaching the minimum of the current optomechani-
cal experiment!'9,

3. Confinement and enhancement of light in Ag
plasmonic nanocavity

To realize optomechanical coupling, an optical cavity
that is capable of confining light and combining with
phononic superlattices is required. In the design of the light
cavity, the optical quality factor Q. and mode volume V are
important parameters, which represent the spectral energy
density and spatial energy density of the optical microcavi-
ties. They quantitatively describe how long in time the cavity
can store light and how small in space the cavity can localize
light20-221, The light-matter interaction strength is propor-
tional to Q//V, so the figure of merit Q/V is introduced as a
basic measure to evaluate the ability of optical cavities in
enhancing light-matter interaction2% 221, The core task is how
to achieve high Q./V for strong light-matter interaction('4,

For our system, on the one hand, the Q./V of the optical
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Fig. 3. (Color online) (a) The distribution of optical field in Ag nanocavity. The middle, upper and right parts are views in x-z, x-y and y-z directions,
respectively. E,, E,, and E, are the components of the electric field in the x, y, and z directions, respectively. (b) and (c) The variation of Q. V, and

Q./V with D,.
Table 2. Comparison of cavity wavelength, Q. V, and Q./V between different cavities.
System PhC Pico- Hybrid photonic-plasmonic Photonic DBR / Phononic This work
Y nanobeam(7.31] cavities['0] nano-cavityl® 14 superlattices!”l*

Cavity wavelength (nm)  ~15500'7:31] 633 1310 1550 1550
Optical Q-factor ~1060171 9.8 x 10* 45 238
Mode volume V (A/n)3 ~0.181 ~1.2x107 1.2x1072 6 2.8x 1077
Q/V (108 (W/n)3) ~0.1 0.084 7.5x 108 8.4

cavity needs to be large enough to achieve the enhance-
ment of the optical field. On the other hand, the light field
needs to be sufficient to cover the phonon field. We chose
light with a wavelength of 1550 nanometers, which has impor-
tant applications in light communications!'”: 23-28], However,
the photonic DBR cannot confine 1550 nm light to the size of
the phononic superlattice pillar with 4 nm diameter. Plas-
monic nano-cavities or plasmonic nano-antennas have the
properties of localized surface plasmon resonances, so they
can confine light into ultra-small volumes far below the diffrac-
tion limit of light''4. For metal plasmonic nano-cavities, the
high value of Q./V can be realized due to the ultra-small V1'%
29,301 We use Ag commonly used to construct the optical cav-
ity at 1550 nm wavelength of light!33-25], The schematic of
light field distribution is shown in Fig. 3(a) calculated by FEM,
where the light is confined to the metal cavity and covers the
whole phononic superlattices well. The linewidth of cavity reso-
nance is around 0.8 THz, which is smaller than the eigenfre-
quency of phononic crystal. This means that the optomechani-
cal system satisfies the resolved sideband condition.

The Ag nanocavity can carry phononic crystal superlat-
tices with different sizes, as shown in Fig. 3(a). The distribu-
tion of different components of electric field is shown, where
E, is the strongest. For the nanocavity, the various parame-
ters depending on the distance (D,) of two parts of the Ag

bowtie need to be investigated. In the changing of the D,, an
important point is to keep its characteristic resonant
frequency at 1550 nm, so it is necessary to change the lateral
size (I) of the nanocavity at the same time. We find when
the characteristic wavelength of the nanocavity is kept at
1550 nm, the relationship between D, and | satisfies
|| = 550 +7.66|D,| — 0.156|D,|>. The Q. and V depending on
D, are shown in Fig. 3(b). When D, changes from 4.07 to
21.28 nm, Q. and V both increase. Q. changes from 230 to
238, which is higher than reported plasmonic nanocavity!'4,
and V changes from 2.8 to 5.0 x 107 (A/n)3, which is six
orders of magnitude smaller than the PhC nanobeam('6-18],
on the same order of magnitude as the pico-cavity!'?), and
five orders of magnitude smaller than the hybrid point-defect
PhC and bowtie plasmonic nanocavity® 4, as shown in Table 2.
In the simulation, the area covered by the light field is mostly
air, so n is approximately 1. Even if the optical field is mainly
occupied by GaAs/AlAs superlattices, V is about 7 x 1076
(A/n)3. From Fig. 3(c), Q./V is negatively correlated with D,. Lim-
ited by the size of the phononic superlattices, the nanocavity
D, can be as small as 4.07 nm, and the corresponding Q./V
reaches 8.4 x 108 (A/n)=3, which is enhanced more than 80
times with respect to the PhC nanobeam('6-8 and more
than 100 times with respect to the hybrid photonic-plas-
monic nanocavity® 14, as shown in Table 2.
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Fig. 4. (Color online) Optomechanical single-photon coupling strength (a) gp. and g, depending on D,. (b) g and k depending on D,. (c) g/k

depending on D,.

4. Optomechanical coupling in phononic
superlattices-Ag nanocavity system

To verify the enhancement of the optomechanical interac-
tion, we calculate the optomechanical single-photon cou-
pling strength g of the system. In the optomechanical cavity,
the injected photons inside the cavity generate the radiation-
pressure forces, including gradient forces, scattering forces,
and thermal effects!'], which make a slight structural deforma-
tion around the center of the cavity. In turn, the optical field
is modified by the moving dielectric boundary and the
change of refractive index caused by the strain field, which is
called the photo-elastic effect32. To quantify the interaction
between photons and phonons, g is defined asl'- 17:31]

(1)

where a is the amplitude of the mechanical displacement
field and w, is the angular frequency of the optical mode.
dw,/da, calculated by first-order electromagnetic perturba-
tion theory, demonstrates the strength of optomechanical
transductions. Given the contribution of the moving dielec-
tric boundary and the photo-elastic effect, the total optome-
chanical single-photon coupling strength can be written as
g = 9mb + Jgpe- The moving boundary contribution is given
byl17.31]

g= szfdwo/da>

¢(o - A) (AeE] — Ae'DY ) dS

/E-DdV

where n is the outward facing surface normal, Q is the normal-
ized mechanical vector displacement field (max[|Q|]=1), D is
the electric displacement field, E is the electric field, the sub-
scripts || and L indicate the field components parallel and per-
pendicular to the surface, respectively. ¢ is the material permit-
tivity, A€ = Ematerial — Eairs ANA A& = Eiorial — £ar (heTE, the mate-
rial is GaAs or AlAs.). The photo-elastic contribution is writ-
ten asl17.37]

w
Imb = _70

()

Xzpfs

de
_ w % E>X 3)
%= "2 TE.Dav" ™"

e .. de pS
3q 'S 9iven by Fi —s( t
sor and p is the rank-four photo-elastic tensor. For calcula-

)s, where § is the strain ten-

. 3 . . .
tion, <E|£| E> is written in terms of components:

Table 3. Comparison of phononic frequency, gmp, gpes and g between
different optomechanical systems.

Photonic DBR/

System PhC Phononic This work
nanobeam(18.31] : *
superlattices!”]
Phononic ~ ~5GHz 42THz 42THz
frequency
Gmb (kHZ) ~1008B1 400 600
Gpe (MHz) ~ ~1B31 3.2 1
g (MHz) ~1018,31] 3.6 12

<E S—ZI E> = —gon’ / [2Re {EXE, } PasSsy
+2Re {ExE,} PaaSx, + 2Re {E, E;} PasS,,
+ |EX|2 (pﬂsxx + P (Syy + Szz))
+ |Ey|2 (pﬂsyy + P12 (Sxx + Szz))

+ |Ez|2 (pﬂszz +Ppn (Sxx + Syy):| av. (4)

The photo-elastic coefficients for GaAs are taken as (p;,,
P12, Pas) = (=0.165, —0.140, (p;,—p1,)/2)B33-351. We neglect the
contributions of the AlAs layers to the g because the photo-
elastic effect of the GaAs layers will be dominant over those
of AlAs[36l. The photoelastic contribution depends mainly on
the coupling of the electric field and the phonon field which
are non-perpendicular. When the E, direction is the strongest
and E, and E, can be negligible, the phonon modes vibrating
perpendicular to the x axis cannot be effectively coupled
with the light field in gpe, and the breathing phonon modes
are fully coupled.

The influence of distance on g,. and gn; is shown as
Fig. 4(a). Both gy, and gy, decrease as distance D, increases
and the photo-elastic effect contributes more to the cou-
pling strength. In Fig. 4(b), we see g change from 12 to 18 MHz
when D, decreases and increases sharply at a small distance,
which is one order of magnitude higher than PhC
nanobeam('6-18], as shown in Table 3. This verifies that the plas-
monic cavity greatly increased light intensity in a small area
and lower D, raises higher enhancement. Moreover, g, is
mainly decided by the overlap of strain and optical fields
from Eq. (3). Because the distribution of the optical field is
larger than the strain field, the coverage of the optical field
to the phonon field is the key to ensure sufficient coupling
strength. When the full coverage is satisfied, the smaller the
distance, the smaller the volume of the light field mode. On
the one hand, the light field has a higher enhancement; on
the other hand, the overlap of the light field and the phonon

Z Y Li et al.: Terahertz phononic crystal in plasmonic nanocavity
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field is improved, resulting in a higher g. In addition, the
decay rate k depending on D, is calculated by « = 9 also

shown in Fig. 4(b). Fig. 4(c) shows the relationship between
g/k and D,. When D, is small, g/ is large and « is larger than
g obviously, which means that the system has relatively high
coupling strengthl'! but it has not yet reached strong cou-
pling and our calculation method can be used.

5. Conclusion

In this paper, we propose a hybrid plasmonic nanocavity
and topological terahertz optomechanical system combining
topological GaAs/AlAs phononic crystal superlattices vibrated
at eigen phonon frequency 4.2 THz with Ag plasmonic cavity
resonant at 1550 nm. By adjusting the diameter of the superlat-
tice pillar, the phonons are confined with a diameter of ~4 nm
and x,pr and me¢ can achieve 85 fm and 0.27 zg, respectively.
Ag plasmonic cavity is designed to confine the optical field
and improve the overlap of the optical and mechanical
modes. We get V ~2.8 X 10~7 (A/n)3 and Q./V ~8.4 x 108 (A/n)~3,
which is ~80 times that of the PhC nanobeam and ~100
times that of the hybrid photonic-plasmonic nanocavity. As a
result, an optomechanical single-photon coupling strength as
high as 12 MHz is obtained, which is the highest among the
reported optomechanical crystal cavities in the case of non-
strong coupling. The proposed phononic-plasmonic nano-cav-
ity provides a new platform to reduce the mode volume and
improve the optomechanical single-photon coupling
strength, which holds great potential for applications in the
field of integrated quantum optomechanics, quantum informa-
tion, and terahertz-light transducer.
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