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Abstract: By utilizing two cascaded all-silicon opto-mechanical microring resonators
(MRRs), an energy-efficient optical diode with high nonreciprocal transmission ratios
(NTRs) is proposed and experimentally realized. The optical diode is composed of an all-
pass opto-mechanical MRR and an add-drop opto-mechanical MRR. Due to the largely en-
hanced interaction between the photons and the suspended structure, the opto-mechanical
effect can be dramatically improved. With injecting low optical powers, the optical gradient
force can be effectively aroused in the opto-mechanical MRRs, which would arise nano-
meter scale waveguide deformations and the significant spectrum red-shifts of the rings.
The opto-mechanical effect would cause different red-shifts of the two MRR resonances in
the forward and backward transmissions, which contributes to realizing the nonreciprocal
transmissions. The experimental results show that with −4.2 dBm power consumption, the
optical diode can achieve high NTRs approach 41.8 dB. Due to the dominant advantages of
complementary metal oxide semiconductor (COMS) compatibility, high NTRs (41.8 dB), low
power consumption (−4.2 dBm) and compact size (0.015 mm2), the device has remarkable
applications in on-chip signal processing systems.

Index Terms: Silicon optical diode, low-power consumption, high nonreciprocal transmis-
sion ratio, opto-mechanical effect.

1. Introduction
Optical diodes can realize unidirectional optical transmission [1]–[4], which are widely utilized
for optical signal processing [5], [6]. Simultaneously, the processing speed and storage capacity
of the optical system could be effectively improved [7]–[13]. Various optical diodes have been
demonstrated by utilizing the magneto-optical effect. However, due to the disadvantages of the
device large size and the incompatibility with complementary metal-oxide semiconductor (CMOS),
these optical diodes are hard to be integrated. Furthermore, some optical diodes are realized by
space-time modulation [14], indirect inter-band photon transition [15] and photonic crystal fiber [16],
whose manipulation are relatively complex.

Recently, silicon-on-insulator (SOI) technology has attracted widespread attention due to its high
speed [17], [18], compatibility with CMOS and low power consumption [19]–[22]. In the past decade,
many researchers have explored all-silicon optical diodes and made remarkable progress. On the
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Fig. 1. (a) The structure of the suspended MRR. (b) The deformed waveguide affected by the optical
force.

basis of thermo-optic effect, Fan et al. and Xu et al. realized optical diodes with 40 dB nonreciprocal
transmission ratio (NTR) (3.55 dBm power consumption) [23], [24] and 24 dB NTR (8.2 dBm power
consumption) [25] respectively based on two cascaded microring resonators (MRRs). However, the
power consumption of the thermo-optic effect is relatively high, which cannot meet the requirements
of energy-efficient optical systems. Dong et al. adopted one suspended racetrack ring and achieved
a 12.8 dB NTR at 6 dBm power [26]. To improve performances of the device, Liu et al. adopted two
cascaded free-hanging MRRs to realize a 33.6 dB NTR at low power consumption of 0.96 dBm [27],
but the NTRs are supposed to be improved. Therefore, in the pursuit of low-power optical systems,
compact optical diodes with high NTRs (>40 dB) and low power consumption (<−3 dBm) are still
highly required.

Recently, the opto-mechanical MRRs is a core component in the research of optical commu-
nication devices [28]–[30]. With the significant enhancement of the optical field density in the
suspended structure, the opto-mechanical effect is greatly improved, which could significantly
activate the low-power opto-mechanical effect [31]. The optical gradient force generated between
the suspended ring waveguide and the silica substrate could lead to the mechanical deformations
of the microring with nanometer or even micrometer level, which causes effective MRR resonance
red-shifts [32]–[35]. Consequently, the free-hanging MRRs are competent to efficiently process
on-chip optical signals.

In this paper, we proposed and implemented a silicon passive optical diode using cascaded
opto-mechanical MRRs with high NTRs and low power consumption. The optical diode consists
of a suspended all-pass ring and an add-drop ring. When the optical power is injected from the
forward path and backward path respectively, the two MRRs would experience different resonance
red-shifts, which leads to the asymmetric transmission spectra. Consequently, in the forward path
the optical signal can be transmitted, but blocked in the backward path. The proposed optical
diode can experimentally achieve a high NTR approach 42 dB at 1556.89 nm with a low power of
−4.2 dBm, which is significant for the on-chip energy-efficient optical signal processing.

2. Operation Principle
As shown in Fig. 1(a), optical gradient force would be generated [36]–[38], due to the enhanced
interaction of evanescent waves between the suspended MRR arc and the oxide substrate. Fig. 1(b)
illustrates that the initial separation gap between the suspended ring and the substrate is g0. When
a strong enough power is injected into the MRR, the generated optical gradient force Fopt can induce
a waveguide deformation x of the MRR suspended waveguide. When the optical gradient force
quals to the mechanical force, the MRR free-standing arc achieves an equilibrium condition, which
causes the MRR spectrum red-shifts. In this case, the separation gap is converted into g = g0 − x.

The generated optical force is given by [33]

Fopt = −∂U
∂g

= − U
λr

∂λr

∂x
= − 2τ−1

e Pin

(λc − λr )
2
λ−3

r + λr
(
τ−1

i + τ−1
e

)2

∂λr

∂x
(1)
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Fig. 2. (a) The schematic image of the free-standing arc. (b) The waveguide deformation under different
coupling coefficients.

where Pin represents the input power of λc which denotes the control light wavelength, λr is the
MRR resonant wavelength, τ−1

i is caused by the loss of the internal cavity (the intrinsic decay rate)
and τ−

e
1 is the extrinsic decay rate, which could be denoted by

τ−1
e = − l n(1 − k )C

2πRnef f
(2)

where R is the opto-mechanical MRR radius, k represents the coupling coefficient, C represents
the light speed and nef f is the ring effective index. Based on the designed device parameters, the
extrinsic decay rate τ−1

e is 3.45×1010.
The red-shift δλ of the microring could be expressed as

δλ ∝ g2
omPin

kmech
(3)

where gom = ∂nef f
∂g is the tuning efficiency of the opto-mechanical effect, and kmech is the mechanical

spring constant of the opto-mechanical MRR.
We design the MRR-based optical diode on an SOI wafer which is commonly used to fabricate

silicon nano-mechanical devices. The SOI wafer is composed of 220-nm-thick silicon in the top layer
and 2-μm-thick SiO2 substrate. To reduce the bending loss, the radius of the MRR is chosen as 30
μm. Firstly, in order to ensure single mode transmission, Fig. 2(a) shows that the waveguide width is
set to 450 nm. Secondly, the coupling coefficient k between the straight waveguide and the MRR is
optimized to achieve the strongest opto-mechanical effect. Fig. 2(b) illustrates that when the optical
force (the colored curve) balances the mechanical force (the black line), namely Fopt (x ) + kmechx = 0,
the free-hanging waveguide arc reaches an equilibrium shape. Different coupling coefficients (k =
0.5, pink curve; k = 0.15, green curve; k = 0.05, red curve and k = 0.02, blue curve) are selected to
calculate the relationship between the generated optical force and mechanical deformation. When
k is set to 0.05, the opto-mechanical effect could induce the largest deformation which corresponds
to the highest resonance red-shift. Thirdly, the separation gap g0 is also a key factor to enhance the
optical force. On one hand, a smaller separation gap contributes to a stronger optical force. On the
other hand, the width of the waveguide limits the minimum value of the separation gap g0. According
to the practical fabrication technology, g0 should be about half the waveguide width. Under the
above analysis, the separation height g0 is set as 160 nm [29]. Finally, the suspended waveguide
length is 11.2 μm due to the MRR radius of 30 μm and the mechanical structure limitation.

Fig. 3(a) illustrates that the effective refractive indexes gradually reduce with increasing the
separation gap. From the relationship between the resonant wavelength and the effective refractive
index, the resonant red-shift under different waveguide deformations can be calculated, as shown
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Fig. 3. (a) The effective indexes under different separation gaps. (b) The resonance red-shifts under
different waveguide deflections. (c) The generated force under different deflections.

Fig. 4. (a) The deflection of suspended MRR with adjusting the input powers. (b) The transmission of
the all-pass opto-mechanical MRR at different input powers.

in Fig. 3(b). The red-shift of the MRR resonance could realize 0.0605 nm with a waveguide
deformation of 2.585 nm. By using Eqs. (1)-(3) and the designed device parameters, Fig. 3(c)
shows the obtained optical forces with different input powers. When the generated optical gradient
force (the colored curve) balances the mechanical force (the black line), namely Fopt (x ) + kmechx = 0,
the free-hanging arc would obtain an equilibrium level. As the input optical power increases, the
corresponding deformation x of the balance position would be larger. Therefore, by controlling the
operation powers, the transmission spectrum of the MRR can be effectively adjusted.

Fig. 4(a) illustrates the deformation of opto-mechanical MRR under various resonance powers
(i.e. 1550 nm). Obviously, the deformation x increases with the input powers. By combining the
simulation results in Fig. 3(b) and Fig. 4(a), the transmissions of the all-pass MRR under different
operation optical powers can be obtained, as shown in Fig. 4(b). The original transmission spectrum
of the all-pass MRR is shown as the black line. With injecting input powers of −7 dBm, −2 dBm,
0 dBm and 2 dBm, the transmission spectra of the all-pass MRR are effectively shifted with

Vol. 12, No. 3, June 2020 4501009



IEEE Photonics Journal All-Silicon Energy-Efficient Optical Diode

Fig. 5. (a) Effective refractive index versus wavelength. Energy profiles of the fundamental modes in
(b) straight waveguide and (c) free-hanging waveguide, respectively.

Fig. 6. The nonreciprocal device structure.

0.02545 nm (the blue curve), 0.04873 nm (the purple curve), 0.0605 nm (the blue curve), and
0.0738 nm (the red curve), respectively.

To optimize the waveguide effective indexes between different components, the FDTD (finite-
difference time-domain) Solutions are utilized to analyze the energy profiles of suspended MRR
waveguide and the straight waveguide. Fig. 5(a) shows the effective indexes of the suspended ring
waveguide and the straight waveguide are 2.24 and 2.27 at 1550 nm, respectively. Therefore, the
effective index difference between the above different waveguides can be ignored, which facilitates
the light transmission and coupling. Figs. 5(b) and 5(c) show the fundamental modes in the straight
waveguide and suspended waveguide, respectively.

3. Results and Discussion
3.1 Simulation Results

Fig. 6 shows that the optical diode is composed of a suspended all-pass MRR (i.e. R1) and an
add-drop MRR (i.e. R2) with the same radius of 30 μm. The forward direction is from port 1 to port
2 while the backward direction is from port 2 to port 1. The silicon slab heights and the waveguide
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Fig. 7. (a) The original normalized device transmission spectrum. (b) The forward spectrum (the blue
solid curve) and the backward spectrum (the green dashed curve) of the nonreciprocal device.

Fig. 8. The normalized transmissions with injecting powers of (a) −7 dBm, (b) 0 dBm, respectively.

widths of the rings and the bus waveguide are set to 220 nm and 450 nm, respectively. The vertical
separation height g0 between the suspended MRR waveguide and the silica substrate is optimized
as 160 nm, and the suspended waveguide length is set to 11.2 μm.

Fig. 7(a) shows the initial transmission spectrum of the cascaded free-hanging MRRs. The
operation wavelength is set at λr0, which is the aligned resonant wavelength of the two rings
(i.e. 1550 nm). Fig. 7(b) illustrates the forward transmission spectrum of the optical diode as the
blue solid line and the backward transmission as the green dashed line. Forward transmission
(the blue curve): the input power Pin is injected from port 1. As the input wavelength is set as λr0,
the input power could couple into R1 and accumulate to a high level, which is strong enough to
excite the opto-mechanical effect and cause waveguide deformation. Thus, the resonance of R1

would shift with a wavelength of δλ. Because the optical power is attenuated by R1, the remaining
power almost has no influence on R2. In this case, the optical signal could transmit in the forward
direction. Backward transmission (the green curve): the same input power is injected from port 2.
As the input light firstly arrives at R2, the transmission spectrum of R2 will shift with δλ because
of the nonlinear effect. Hence, the major optical power cannot be coupled into R2. Namely, the
signal cannot reach port 1. Therefore, the optical signal can be forward transmitted and backward
blocked, and a high NTR at the input wavelength of λr0 could be achieved.

Firstly, the operation power is adjusted to −7 dBm. In the forward transmission, the resonance
of microring R1 would shift with 0.02545 nm while the spectrum of R2 remains unchanged.
Consequently, the transmission of the optical diode is shown as the blue solid curve in Fig. 8(a). In
contrast, due to the 0.02545 nm red-shift of R2, the transmission of the backward transmission is

Vol. 12, No. 3, June 2020 4501009



IEEE Photonics Journal All-Silicon Energy-Efficient Optical Diode

Fig. 9. SEM image of the fabricated nonreciprocal diode.

Fig. 10. (a) Original transmission of the silicon diode. (b) Measured transmissions of the forward
direction and backward direction by inputting an operation power of −4.2 dBm.

illustrated as the green dashed curve. It is clear that an NTR of 40.32 dB could be achieved. Finally,
the operation power is adjusted to 0 dBm and the highest NTR of 49.75 dB could be obtained.

3.2 Experimental Results

We fabricate the MRR-based optical diode on a commercial SOI wafer (220-nm-thick silicon in
the top layer and 3-μm-thick SiO2 substrate). The suspended structures of the opto-mechanical
MRRs were released by dry etching procedures (for Si etching) which include E-beam lithography
(EBL) and inductively coupled plasma (ICP), and a hydrofluoric (HF) wet etching procedure (for
SiO2 etching). Firstly, the device pattern was transferred to the photoresist by the first EBL and
then etched 195 nm downward by the first ICP. Secondly, half of each MRR was etched another
25 nm downward by the second EBL and ICP. As a result, half of each MRR oxide substrate was
exposed to the air (i.e., the released region), while the other half of the oxide substrate had a
25-nm-thick silicon protective layer. Finally, we used the HF acid to selectively remove the silica
substrate in the released area to control the depth of the separation gap g0. In this case, the
waveguides corresponding to the above half ring would be suspended. On the contrary, the other
waveguides were fixed. Fig. 9 shows the scanning electron microscope (SEM) image of the device,
and the yellow boxes illustrate the suspended MRR structure. The radii of the two MRRs are about
20 μm, and their waveguide widths are 450 nm which are the same as the straight waveguides.
The forward transmission of the silicon diode is from port 1 to port 2 and the backward path is the
opposite.

The initial transmission spectrum of the silicon diode is measured in Fig. 10(a). The resonant
wavelengths of the two rings are approximately 1556.89 nm. To research the characteristics of
the nonreciprocal transmissions, continuous wave (CW) light is injected into the device whose
operation wavelength is fixed at 1556.89 nm. In the meantime, we utilize a low-power amplified
spontaneous emission (ASE) source to measure the transmission spectrum of the optical diode.
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TABLE 1

Experimental Results of Optical Diodes Based on Silicon MRRs

Fig. 10(b) shows the forward transmission spectrum (the red curve) and the backward transmission
spectrum (the blue curve) of the silicon device by injecting a low optical power of −4.2 dBm, which
illustrates that a high NTR of 41.8 dB could be achieved. In the future, the NTRs of the silicon diode
could be largely improved by designing the two MRRs at the critical coupling. In this case, the
extinction ratios of the two MRRs can be significantly increased, which facilitates the achievement
of higher NTRs.

Table 1 illustrates a comparison of recent performance (NTRs and the power consumption) of
silicon MRR-based optical diodes. Although the schemes of cascaded MRRs could achieve NTRs
of 27 dB [23], 40 dB [24] and 24 dB [25], their power consumptions are relatively high, which
are unfavorable to meet the requirements of energy-efficient signal processing. By using a single
racetrack MRR, not only is the NTR relatively low as 12.8 dB, but also it requires 6 dBm input power
[26]. The scheme of cascaded all-pass MRRs achieves an improvement in performance. However,
the NTR (33.6 dB) and the consumption (0.96 dBm) are still required to be further improved [27].
Compared with the above devices, the proposed optical diode could experimentally realize a high
NTR (41.8 dB) with a low power consumption (−4.2 dBm), which has widely broad applications in
on-chip optical communication systems.

4. Conclusions
In conclusion, an ultra-low power optical diode with high NTRs by utilizing the silicon cascaded
free-hanging MRRs has been experimentally realized. The operation principle is based on the
optical force in the suspended MRRs, whose spectrum characteristics can be flexibly controlled by
ultra-low input powers. By using the finely designed asymmetric structure, high NTRs of 41.8 dB
could be achieved under the low input powers of −4.2 dBm. The compact optical diode with high
NTR, ultra-low power consumption and CMOS compatibility could be widely used in on-chip optical
systems.
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