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Phoxonic crystal is a periodic artificial structure that can manipulate optical and acoustic waves
in the same temporal and spatial domain. It has broad application prospect in optical communica-
tion, optical mechanics sensor, quantum computations, phoxonic crystal integrated devices and so
on. In this paper, we adopt a silicon-based two-dimensional square lattice structure, which can ex-
hibit wide band gap of phonons and photons simultaneously. Then a periodic rectangular structure
is introduced on the surface, the effects of the height and width of the rectangle on the optical and
acoustic surface wave modes are analyzed. Based on the mode gap effect, a surface heterostructure
composed of rectangles with different heights and widths is constructed. Then two identical surface
heterostructures are placed face to face with an air slot in the middle, and connected with silicon
substrate on both sides, which form an air slot heterostructure cavity. Five phononic cavity modes
and three photonic cavity modes are obtained, the acousto-optical coupling rates between phononic
and photonic cavity modes are calculated. The results show that the coupling rate between phononic
and photonic cavity mode with the same symmetry and maximum overlap is the largest, and the
coupling rates between the combination of phononic cavity modes α and β and photonic cavity
modes can be adjusted by changing the phase difference φ of modes α and β. In this paper, the finite
element method is used to simulate the calculation.
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1. Introduction

In recent years, phoxonic crystals have attracted more and more attention due to their
properties of simultaneously manipulating light and sound waves at the same time [1].
Phoxonic crystals can serve as promising platform for enhancing the acousto-optic
interaction in micro-and nano-structures [2-5]. They can be directly designed as
acousto-optical dual-function device, such as waveguide [6-10], sensor [11-14], opti-
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cal switch [15] etc., and they can also be used in quantum communication or quantum
computing [16,17]. In 2006, MALDOVAN [18] proved theoretically for the first time that
two-dimensional periodic structures can generate photonic and phononic band gaps at
the same time. In 2009, SADAT-SALEH et al. [19] first proposed the concept of phoxonic
crystals band gaps and discussed the influence of lattice form and structural geometric
parameters on photonic and phononic band gaps in two-dimensional phoxonic crys-
tals. That same year, EICHENFIELD et al. [20] proposed the concept of opto-mechanical
crystal, and demonstrated the possibility of opto-mechanical crystal structure as a su-
per-high precision force sensor through theoretical and experimental results. In 2010,
LAUDE et al. [21] proposed a waveguide with perforated silicon nanostructures
which can obtain wide phononic and photonic band gaps simultaneously. In 2012,
ROLLAND et al. [22] studied acousto-optic coupling in periodic structures with simul-
taneous photonic and phononic bandgap based on the optical mechanical effect, which
means the disturbance generated by acoustic mode affects the local optical mode in
the cavity. In 2020, SHU et al. [23] studied the enhanced acousto-optic interaction in
defect-free phoxonic waveguide, which use the abnormal dispersion properties in the
passband instead of band gaps. In 2020, RAMP et al. [24] demonstrated that gallium
arsenide in a three-dimensional microwave cavity can serve as a promising quantum
state transduction platform, and their proposed opto-mechanical crystal structure has
high sensitivity. In 2021, AFSARI et al. [25] used a photonic crystal cavity model for
hydrogen sulfide gas sensing and demonstrated that coating the surface of the cell with
tungsten trioxide can improve the sensitivity of the sensor.

Two-dimensional phoxonic crystals with air slot structure have been studied by
many researchers in recent years. Some studies have shown [26-32] that higher optical
quality factors and higher acousto-optic coupling rates can be obtained by introducing
air-slot structures. In 2010, SAFAVI-NAEINI et al. [33] proposed a two-dimensional
photonic crystal cavity model, with air slot structure, which has the advantage of higher
optical quality factor. That same year, JÁGERSKÁ et al. [34] proposed a photonic crystal
sensor with an air cavity, and proved theoretically and experimentally that the air cavity
structure has higher gas sensing sensitivity, which can be used for making a high sen-
sitivity gas sensor with smaller volume. In 2015, ZHANG et al. [35] proposed a model
of a phoxonic crystal cavity with double air slots, which has small effective mass and
higher optical quality factor. In 2017, MA et al. [36] studied a two-dimensional phoxonic
crystal structure with a slot, and theoretically proved that the structure with an air slot
can effectively enhance the acousto-optic coupling effect. In 2020, ZHAO et al. [37]
proposed a dual channel photonic crystal with air slot, which proved theoretically and
experimentally that the introduction of air slot is helpful to increase the optical quality
factor.

In this paper, we adopt a silicon-based two-dimensional square lattice structure
phoxonic crystal, which can exhibit wide band gap of phonons and photons simulta-
neously. Then, an air slot is introduced into the two-dimensional phoxonic crystal, and
a rectangular periodic structure is added to the upper and lower surfaces of the air slot.
The influences of the height and width of the rectangle on the surface wave dispersion
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curves are analyzed. Then a heterostructure cavity with an air slot composed of rec-
tangles with different heights and widths is constructed, in which several phononic and
photonic cavity modes are localized and overlapped. Based on the moving boundary
effect and the photoelastic effect, the acousto-optical coupling rates of different phononic
and photonic cavity modes in the heterostructure cavity are calculated. The simulated
data in this paper are calculated by the Finite Element Software COMSOL Multiphysics.

2. The design of heterostructure cavity with air slot

2.1. Band gap modulation of two-dimensional phoxonic crystals

Silicon based two-dimensional square lattice periodic structure with circular air holes
is adopted to achieve wide phononic and photonic band gaps. Figure 1(a) is a schematic
diagram of the crystal cell structure. Considering the application in the telecommuni-
cations field, the lattice constant of the structure is set as a = 620 nm, the radius of the
circular air hole is r, and the first Brillouin zone of the lattice is shown in Fig. 1(b).
The material used in the model is single crystal silicon, the basic optical and mechanical
parameters are refractive index n = 3.5, mass density ρ = 2331 kg/m3, elastic modulus
C11 = 16.57 × 1010 N/m2, C12 = 6.39 × 1010 N/m2 [38]. The intrinsic frequencies of
phonons and photons are measured as normalized frequencies ( fct

/a)and ( fc /a) re-
spectively, where ct is the elastic shear wave velocity in silicon and c is the speed of
light in air.

It is found that there are two bulk wave band gaps in the structure of phononic and
photonic crystal, and the initial and cutoff frequency of the two bulk wave band gaps
vary with the radius of the air hole. Figures 2(a) and (b) describe the curves of the initial
and cut-off frequencies of the phononic and photonic band gaps with the air hole ra-
dius r, respectively. In Fig. 2(a), the width of the red and blue phononic band gaps in-

Fig. 1. (a) Primary cell diagram of the phoxonic crystal (air in gray and silicon substrate in blue); (b) the
first Brillouin zone.

(a) (b)
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crease with the increase of the radius. In Fig. 2(b), the width of the blue photonic band
gap increases with the increase of the radius, and the width of the red photonic band
gap first increases and then decreases with the increase of the radius. Considering that
the structure should have wider phononic and photonic band gap simultaneously, we
choose the air hole radius r = 0.45a as the parameter value of the subsequent design.

2.2. Surface structure design

Based on the two-dimensional phoxonic crystals introduced in the previous section,
a row of cells is removed to form an air slot. A rectangular periodic structure is added
on the upper and lower surfaces of the air slot. Figure 3(a) shows the supercell, which
consists of 11 cells in the y direction with a defect in the centre, which is the air slot.
Two identical rectangles are placed on the upper and lower surface of the air slot.
The height and width of the rectangles are h and w respectively, and periodic boundary
conditions are adopted on both sides of the supercell in the x direction. The phononic
and photonic dispersion curves of the supercell structure are shown in Figs. 3(b) and (c)
with the rectangle height h = 0.25a and the width w = 0.4a. In Fig. 3(b), the gray region
represents the phononic bulk wave band, and the two white regions are the phononic
bulk wave band gaps. A surface phononic dispersion curve appears in the upper band
gap, and three surface phononic dispersion curves appear in the lower band gap. On
these curves, four points A, B, C and D are marked, the vibration modes corresponding
to these points are shown in Fig. 3(d). In Fig. 3(c), the dark gray region is the photonic
bulk band, the light gray region is the light cone, and the two white regions are the
photonic band gaps. The corresponding electric field distribution modes in I and II are
shown in Fig. 3(e). In Fig. 3(d), the modal distributions of four surface acoustic wave

Fig. 2. (a) Phononic band gap initial and cutoff frequencies vary with the radius of the circular air holes;
(b) photonic band gap initial and cutoff frequencies vary with the radius of the circular air holes. In (a)
and (b), the blue part is the first band gap and the red part is the second band gap, the radius of the circular
air holes is in unit of lattice constant a.

(b)(a)
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Fig. 3. (a) Phoxonic crystal supercell structure (the blue area is the silicon substrate and the gray area
is air), h and w are the height and width of the rectangle, respectively. (b) Phononic dispersion curves
with rectangle height h = 0.25a and width w = 0.4a, the gray region represents the bulk wave energy band.
(c) Photonic dispersion curves with rectangle height h = 0.25a and width w = 0.4a, the dark gray re-
gion represents the bulk wave energy band, and the light gray region represents the light cone. (d) Vibra-
tion modes corresponding to points A, B, C and D; (e) Electric field distribution modes corresponding
to Ⅰ and Ⅱ.

(b)

(a)

(c)

(d) (e)
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modes are shown, and the vibrations of these surface wave modes are mainly concen-
trated in the first layer of the substrate and the rectangle on the surface. The vibration
of the A-point mode is mainly concentrated in the left and right upper parts of the air
hole, and stretches to both sides along the x direction; this mode has an even parity in
the x direction. The vibration of the B-point mode is concentrated in the surface rec-
tangle, which is the torsion of the rectangle. The vibration of the C-point mode is con-
centrated on the left and right sides of the first layer of the matrix, and the left and
right sides stretch toward the center of the circular hole; this mode has an even parity
in the x direction. The vibration of the D-point mode concentrated on the first two layers
of the matrix, stretched toward the center of the circular hole; this mode has even parity
in the x direction. In Fig. 3(e), the electric field distribution of two surface optical wave
modes were shown. Most of the energy of mode I is localized in the surface rectangular
area, the eigenfrequency is 113.37 THz. The mode II energy is concentrated in three
areas, namely the first layer of the silicon substrate in the middle, the surface rectan-
gular area and the air slit area, and the eigenfrequency is 226.52 THz, approximately
twice the eigenfrequency of mode I.

Next, we calculated the change rule of normalized frequency at the high symmet-
rical point X (kxa /2π = 0.5) of the first Brillouin zone in the dispersion curve of acous-
tic surface wave and optical surface wave with the height h and width w of the rectangle,
as shown in Fig. 4. Figure 4(a) describes the change rule of the normalized frequency
of four surface acoustic waves corresponding to three different widths (red line repre-
sents w = 0.3a, green line represents w = 0.35a, and blue line represents w = 0.4a) with
the height of the rectangle. These twelve curves can be divided into four sets in order
of frequency from low to high, with three different colors forming a set. The first, sec-
ond, and fourth sets of curves are all in the order of red, green and blue, while the third
set of curves is in the reverse order of blue, green and red. As the height of the rectangle
increases, the curves of the first and fourth sets remain basically horizontal, and the
curves of the second and third set decrease slowly. Figure 4(b) depicts the change rule
of normalized frequencies of four surface acoustic waves corresponding to three dif-
ferent heights (red line represents h = 0.3a, green line represents h = 0.35a, and blue
line represents h = 0.4a) with the width of the rectangle. These twelve curves can also
be divided into four sets in order of frequency from low to high, with three different
colors forming a set. The four sets of curves are all in the order of red, green and blue.
The three curves of the first set and the fourth set almost coincide. With the increase
of the width of the rectangle, the second set of curves gradually rises, and the third set
of curves gradually declines. From Fig. 4(a) and (b), it can be seen that the first and
fourth surface acoustic waves are not sensitive to the height and width of the rectangle,
the corresponding vibration modes of A and D in Fig. 3(d) show that the surface rec-
tangle is almost undeformed. The second and third surface acoustic waves are less af-
fected by the height of the rectangle, but more sensitive to the change of the width of
the rectangle. Figure 4(c) shows how the normalized frequency of optical surface
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waves varies with the height of the rectangle at three different widths (the red line rep-
resents w = 0.3a, the green line represents w = 0.35a, and the blue line represents
w = 0.4a). It can be seen that the normalized frequency of the two optical surface waves
decreases with the increase of height. Figure 4(d) shows how the normalized frequency
of optical surface waves varies with the width of the rectangle at three different heights
(the red line represents h = 0.3a, the green line represents h = 0.35a, and the blue line
represents h = 0.4a). It can be seen that the normalized frequency of the two optical
surface waves decreases slowly as the rectangle width increases. Therefore, the optical
surface wave is more sensitive to the change of the height of the rectangle. To sum up,

Fig. 4. (a) and (b) show the normalized frequency change at the point X of the acoustic surface dispersion
curve with respect to the changes of the widths (heights) of the rectangle. (c) and (d) show the normalized
frequency change at the point X of the optical surface dispersion curve with respect to the changes of the
widths (heights) of the rectangle. (The height and width of the rectangle are in unit of lattice constant a.)
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we can adjust the acoustic surface wave mode by setting different rectangle widths,
and adjust the optical surface wave mode by setting different rectangle heights, and
design the heterostructure cavity model based on this.

2.3. Design of heterostructure cavity

The design of the surface heterostructure cavity is based on the mode gap effect [39].
In the cavity region and barrier region of hetero-structure cavity, the structure param-
eters of surface rectangles are different, so there are mode gaps, which means some
surface wave modes can be excited and exist in the cavity region, but cannot exist in
the barrier region. Therefore, these modes are called the cavity modes. We selected
two sets of rectangles with different parameters, namely parameter I: h1 = 0.25a,
w1 = 0.4a and parameter II: h2 = 0.4a, w2 = 0.275a. The corresponding surface wave
dispersion curves are shown in Fig. 5. There are mode gaps between the phononic and
photonic dispersion curves corresponding to these two sets of parameters, and the mode
gap is indicated by yellow shadow in the figure.

In the frequency range of the mode gap, there are surface modes in parameter Ⅰ,
but there is no surface mode in parameter Ⅱ. Based on this, a hetero-structure cavity
with air slot is designed, as shown in Fig. 6(a), the width of the cavity region is set as
4a with parameter I, and the width of the barrier area on both sides is set as 4a with
parameter II. On both sides of the barrier region, two identical rectangular silicon with
a width of a and a length of 11a are used to connect the upper and lower parts. There
are five phononic cavity modes as shown in Fig. 6(b). Among them, the cavity mode
α and β are equivalent but out of phase and both formed by the coupling of surface
wave A and C modes with two C modes in the middle and A mode on both sides.
The cavity mode γ is simply composed of surface wave B mode which has even parity

Fig. 5. Dispersion curves of surface acoustic wave (a) and optical surface wave (b) of phoxonic crystal.
The red and blue lines are the results of h1 = 0.25a, w1 = 0.4a and h2 = 0.4a, w2 = 0.275a, respectively.
(The yellow shadows indicate the mode gaps.)
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Fig. 6. (a) Two-dimensional phoxonic crystal heterostructure cavity with air slot. (b) Displacement field
distribution of phononic cavity modes. (c) Electric field distribution of photonic cavity modes. 
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in the x and y directions. The cavity mode δ and ε are similar and both composed of the
surface wave C mode, and the energy is mainly concentrated at the boundary between
the two circles in the first layer of the upper and lower parts. For mode δ the vibrations
in the upper and lower parts are going in the same direction, while for mode ε the vi-
brations are going in the opposite direction. Figure 6(c) depicts three photonic cavity
modes with high quality factors, their optical vibrational energy is highly localized in
the cavity region, and the electric field distribution has even parity in both x and y di-
rections.

3. Acousto-optic coupling in heterostructure cavity

The strength of the acousto-optic coupling effect is measured by the acousto-optic cou-
pling rate, it describes the frequency shift of the optical mode caused by the zero-point
movement of the phonon cavity vibration, which is defined as

(1)

where ω0 is the angular frequency of the optical field in the cavity, α is the generalized
coordinate (amplitude of the displacement field in the cavity), χzpf  is the amplitude of
the zero-point motion of the acoustic resonator, meff is the effective moving mass of
the phononic mode, and ωm is the frequency of the acoustic mode. The physical mean-
ing of acousto-optic coupling rate g can be understood as: when the amplitude of cavity
vibration is χzpf , the frequency shift of the eigenfrequency of the optical mode is g.

According to the first-order electromagnetic perturbation theory, the contribution
of the moving boundary effect to the acousto-optic coupling rate is

(2)

where n is the outward normal of the cavity boundary, E | | represents the electric field
component of the parallel interface,  represents the electric displacement vector
field component of the vertical interface, ∆ε = εSi – εair represents the variation of the
permittivity, and  represents the variation of the reciprocal of the per-
mittivity.

The contribution of the photoelastic effect to the acousto-optic coupling rate can
be defined as

(3)
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(4)

where n is the refractive index of silicon, Skl  (k, l = x, y) is the elastic strain tensor,
p11 = –0.1, p12 = 0.01, p44 = –0.051 are the photoelastic constant value. In the problem
of acousto-optic coupling of phoxonic crystals, the acousto-optic coupling rate can be
regarded as the sum of the contributions of the moving boundary effect and the photo-
elastic effect, and the total contribution of the acousto-optic coupling rate is

g = gmb + gpe (5)

The acousto-optic coupling strength in the phoxonic crystal structure can be calculated
by referring to the above formula [40,41].

Based on the above theoretical basis, we calculate the acousto-optic coupling rates
corresponding to the five phononic cavity modes and three photonic cavity modes, which
are shown in Table 1. Where the acousto-optic coupling rate is represented by g/χzpf ,
and its physical meaning is the frequency shift of the photonic cavity eigenfrequency
in the unit vibration displacement.

It can be seen from Table 1 that the coupling rates between the three photonic cavity
modes and the phononic cavity modes α and β are approximately equivalent in size
but opposite in sign. The reason is that the vibration modes and eigenfrequency of the
phononic cavity modes α and β are similar, but they have π phase difference. If the
phononic cavity modes α and β are excited at the same time, denoted as α + β as
shown in Fig. 7(a), the coupling rates will be greatly reduced due to mutual cancella-
tion. But if the phononic cavity modes α and β are excited at the same time with phase
difference φ, denoted as α + βexp(iφ), the coupling rates can also be modulated by
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T a b l e 1. The acousto-optic coupling rates between five phononic cavity modes and three photonic
cavity modes (in units of  THz∙nm–1). 

Mode α Mode β Mode γ Mode δ Mode ε

Ⅰ –4.41×10–2 4.47×10–2 4.44×10–4 6.42×10–5 5.68×10–5

Ⅱ –4.87×10–2 4.94×10–2 –8.63×10–2 7.10×10–5 1.28×10–4

Ⅲ –6.15×10–2 6.23×10–2 3.13×10–2 6.47×10–5 –1.72×10–5
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(a) (b)

Fig. 7. (a) Modes α and β are excited at the same time, denoted as α + β. (b) Modes α and β are excited
at the same time with the phase difference π, denoted as α – β. 

Fig. 8. Modulations of the photonic cavity modes Ⅱ and Ⅲ frequencies by the acoustic mode α + β
and α – β.
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changing the phase difference φ. When the phase difference φ = π, and α + βexp(iφ) =
= α + βexp(iπ) = α – β as shown in Fig. 7(b). 

The quasi-static method is used to illustrate the acousto-optical coupling. The fre-
quency of light waves is several orders of magnitude higher than that of elastic waves.
Compared with light waves, the vibration of elastic wave is very slow, which means
quasi static. If the half cycle of an elastic wave is divided into 50 equal parts, there are
51 moments. At each moment, the frequency of optical modes generated by deformed
cavity can be calculated. Thus, the change in the frequency of the optical cavity mode
within half an elastic wave period can be obtained. The modulations of the photonic
cavity modes Ⅱ and Ⅲ frequencies by the acoustic modes α + β and α – β are shown
in Fig. 8, which indicate the mode α – β  has a greater coupling rates.

The coupling rates between the three photonic cavity modes and the phononic cav-
ity modes δ and ε are small, the reason is that the vibrations of the phononic cavity
modes δ and ε are mainly concentrated at the connection between the circular holes in
the first layer, and there is almost no vibration on the surface rectangles. The overlap
between the phononic cavity mode and the photonic cavity mode is low. The coupling
rate between photonic cavity mode Ⅱ and phononic cavity mode γ is the highest, and
the eigenfrequency of photonic cavity mode Ⅱ is 219.21 THz, and the optical quality
factor is 16645.66. Table 2 lists the contributions of the moving boundary effect and
the photoelastic effect to the coupling rate of the photonic cavity mode II and the

T a b l e 2. Acousto-optic coupling rates of phononic cavity mode γ and photonic cavity mode Ⅱ (in units
of  THz∙nm–1). 

gmb/χzpf gpe /χzpf g /χzpf

Mode γ –4.30×10–2 –4.34×10–2 –8.63×10–2

Fig. 9. Modulations of the photonic cavity mode Ⅱ frequency by the acoustic mode γ.
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phononic cavity mode γ respectively, and the contributions of the two effects to the
coupling rate are equivalent. The modulations of the photonic cavity mode Ⅱ frequency
by the acoustic modes γ can also be calculated by using quasi-static method, as shown
in Fig. 9.

The vibration energy of the phononic cavity mode γ is mainly concentrated on the
surface rectangle of the cavity region, and the vibration mode is the torsion of  the rec-
tangle, with even parity in both x and y directions. The photonic cavity mode II and
the phononic cavity mode γ have the largest overlap degree and the same symmetry,
so they have the largest acousto-optical coupling rate, where the torsional tensile defor-
mation of the surface rectangle leads to a large photoelastic effect, while the change
of the surface shape is what causes the moving boundary effect.

4. Conclusion

In this paper, we adopt a silicon-based two-dimensional square lattice structure, which
can exhibit wide band gap of phonons and photons simultaneously. Then a periodic
rectangular structure is introduced on the surface, the effects of the height and width
of the rectangle on the optical and acoustic surface wave modes are analyzed. The pho-
nonic surface mode can be well adjusted by changing the rectangle width, and the pho-
tonic surface mode can be well adjusted by changing the rectangle height. Based on
mode gap theory, a heterostructure cavity with air-slot is proposed. Then five phononic
cavity modes and three photonic cavity modes are obtained. The coupling rates be-
tween these phononic cavity modes and photonic cavity modes were calculated based
on the moving boundary effect and the photoelastic effect. The results show that the
phononic cavity mode γ and photonic cavity mode II have the highest coupling rate,
and the coupling rates between the combination of modes α and β and the photonic
cavity modes can be adjusted by changing the phase difference φ between the modes
α and β. 
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