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Broadband Asymmetric Light 
Transmission at Metal/Dielectric 
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Optical diode-like effect has sparked growing interest in recent years due to its potential applications 
in integrated photonic systems. In this paper, we propose and numerically demonstrate a new type 
of easy-processing metal/dielectric cylinder composite grating on semi-sphere substrate, which can 
achieve high-contrast asymmetric transmission of unpolarized light for the sum of all diffraction modes 
in the entire visible region, and effectively guide the diffraction light transmitting out the substrate. The 
asymmetric light transmission (ALT) ratio is larger than 2 dB in the waveband from 380 nm to 780 nm 
and the maximum ALT ratio can reach to 13 dB at specified wavelengths. The thorough theoretical 
research reveals that the proposed metal/dielectric pillar composite grating structure, together with 
the substrate, can effectively excite localized surface plasmonic resonance (LSPR) effect and waveguide 
mode (WGM), and enlarge the diffraction difference between forward and backward transmission 
spaces, including both number of diffraction orders and diffraction efficiency, thus resulting in high-
contrast broadband ALT phenomenon. In particular, lowering the symmetry of the grating can achieve 
polarization-dependent ALT. Such a type of easy-processing ALT device with high performance for both 
polarized and unpolarized light can be regarded as suitable candidates in practical applications.

Optical diode-like effect, referring to the big light transmittance difference between the forward and backward 
illumination on devices, has attracted tremendous research interests due to its significant potential applications in 
developing the next generation of all-optical computing and processing devices and systems1–5. Typical schemes 
to achieve asymmetric light transmission (ALT) devices are based on optical nonreciprocity methods, such as 
magneto-optical effect2,6,7, optical nonlinearity8–10, indirect inter-band photonic transitions3,11 and optoacoustic 
effect12. Optical nonreciprocity is an ideal solution as it enables devices to transmit any optical modes in one 
direction and block them in the other. However, it is inherently difficult to be realized because it is based on 
breaking Lorentz symmetry, which is widely existed in the light-matter interaction process13. And most of the 
current optical nonreciprocity methods are usually not compatible with complementary metal-oxide semicon-
ductor (CMOS) process, encouraging researchers to try tremendous solutions to achieve ALT devices.

Recently, reciprocity scheme has been demonstrated to be the other effective method to achieve ALT. Through 
breaking the spatial symmetry of device, a specific asymmetric mode conversion can be excited, and result in 
light transmission difference between forward and backward directions. This scheme tactfully bypasses the 
Lorentz restricted conditions14. Comparing with optical nonreciprocity devices, reciprocity devices can not only 
be realized without limitation to certain materials but also be compatible with CMOS fabrication process. To 
date, various types of reciprocal ALT devices have been demonstrated based on composite grating structures15–18, 
photonic crystals19–25, metal-silicon waveguides4, chiral metamaterials26–29, hyperbolic metamaterials30, and meta-
surfaces31–33. The main issues involved in these devices are diffraction mode (include zero- and high-order dif-
fraction)16–18, polarization states of light (include linear polarization and circular polarization state)26–28, and the 
spatial mode (i.e. even and odd modes)34,35. These ALT devices can meet more practical application requirements.

Although the reciprocity scheme simplifies the realization condition of ALT devices, the broadband ALT is still 
challengeable due to material dispersion. Especially for the visible waveband, the structure size which is compara-
ble with ~λ, is still difficult for fabrication under the current state of the art. Recently, Bin Tang suggested a simple 
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ALT device with tapered metallic grating to achieve broadband ALT in visible region36. However, the reported 
ALT device is polarization dependent and it is difficult to control the tapered angle of grating accurately in fab-
rication process. In this work, we propose and numerically demonstrate a high-performance reciprocity ALT 
device relied on higher order asymmetric diffraction modes to address all above-mentioned issues. Our device is 
composed of a type easy-processing metal/dielectric cylinder composite grating (MDCG). The ALT ratio is larger 
than 2 dB in the entire visible region and the maximum ALT ratio can reach to 13 dB at certain wavelengths. The 
polarization property is closely related to the cross-profile shape of metal/dielectric pillar: high-symmetric shape 
(e.g. circle) results in un-polarized ALT effect, while low-symmetric shape (e.g. chiral shape) leads to polarized 
ALT effect. The diffraction effect, localized surface plasmonic resonance (LSPR) and weak WGM, which are 
responsible for the high contrast-ratio broadband ALT, have been systematically investigated.

Schematic and Optimized Results
The schematic of designed MDCG for broadband ALT is shown in Fig. 1(a). The metal/dielectric cylinders are 
placed periodically on the dielectric substrate. The lattice size in both X- and Y-direction is set as P to achieve 
unpolarized ALT effect. The height of metal and dielectric cylinders is denoted by h1 and h2, respectively. To sim-
plify the fabrication process, radius r of metal cylinders takes the same value with that of dielectric cylinders, 
while the refractive index nl of dielectric cylinders takes the same value with that of dielectric substrate. Silver 
(Ag) is used as the metal in our simulation. Indeed, other metals, such as gold (Au) and aluminum (Al), also can 
be used here, which will result in a similar ALT effect. The forward and backward illumination is defined as light 
transmitting along the Z− and Z+ direction respectively, as denoted by the red and blue arrows in Fig. 1(a).

To analyze the ALT effect in MDCG, we perform a systematic numerical investigation on the forward and 
backward transmission properties based on finite-difference time-domain (FDTD) method. The detail informa-
tion in simulated process can be got in Method Section. Figure 1(b) shows the optimum solution. The forward 
transmittance is larger than 0.55 in the wave range from 380 nm to 750 nm, while the backward transmittance 
is smaller than 0.4, indicating the broadband ALT effect in MDCG. It’s worth noting that the maximum for-
ward transmittance can reach to 0.97 at 626 nm, while the corresponding backward transmittance is only about 
0.17. Due to the high symmetry of the cylinder and tetragonal lattice, our designed MDCG is insensitive to 

Figure 1. (a) Schematic diagram of the designed MDCG. The Ag/dielectric cylinder with radius of r is placed 
periodically on dielectric substrate. The lattice size in both of X- and Y-direction is P, and the height of Ag− and 
dielectric cylinders is h1 and h2, respectively. The dielectric cylinder and substrate take the same refractive index 
n in this work. The red and blue arrows denote the forward (−Z) and backward (+Z) illumination direction, 
and their width denotes the intensity of the incidence and transmission lights; (b) Simulated transmittance 
spectra under forward (red curve) and backward (blue curve) illumination. The asymmetric subtraction and 
ratio calculated by these transmittance spectra are shown in (c) and (d), respectively. The detail structural 
parameters take the follow optimized values: h1 = 75 nm, h2 = 480 nm, r = 180 nm, P = 600 nm, and nl = 1.59.
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the polarization states of incident light, resulting in an unpolarized ALT effect. We can expect that polarization 
dependent ALT effect can be achieved by lowering the symmetry of the pillar or the lattice of MDCG.

To show the asymmetric transmission efficiency more intuitively, we define an asymmetric subtraction and 
ratio between forward and backward transmittance as

= −T TAsymmetric Subtraction (1)forward backward

= ∗ T TAsymmetric Ratio 10 log( / ) (2)forward backward

where Tforward and Tbackward refer to the forward and backward transmittance respectively. The caculated asymmet-
ric subtraction and ratio based on Fig. 1(b) are shown in Fig. 1(c) and (d), which can reach to 0.5 and 4 dB in the 
entire visible band respectively, except for the small dip exited at around 660 nm. Especially, the maximum asym-
metric subtraction and ratio can reach to 0.8 and 13 dB, indicating our designed MDCG exhibits high asymmetric 
performance. Through comprehensive analysis, we find that this excellent ALT effect is originated from specific 
diffraction effect, LSPR and WGM excited in MDCG, which will be systematically discussed later.

Discussions
Diffraction effect in MDCG. Diffraction effect is one of the basic physical effects for grating. To gain deep 
insight into the underlying mechanism for the high-contrast broadband ALT in MDCG, we calculate and analyze 
the diffraction modes. According to the vectoral diffraction theory37, the azimuth angle θmn and polar angle φmn for 
the specific diffraction order (m, n) in two-dimensional grating under vertical illumination can be calculated by
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where, λ is the wavelength of incident light, nl is the background refractive index in diffraction space, dx and dy 
are the grating periods in X and Y direction. To make the equation have practical physical meaning, θmn should be 
limited in the range from 0 to 90 deg. If θmn is bigger than 90 deg, the corresponding diffraction mode (m, n) can-
not transmit through the interface and be blocked in the reflection space. When θ = 90 degmn , we can get a criti-
cal wavelength λc for diffraction mode (m, n)
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In our work, = =dx dy P. Thus, we have

λ = ∗ +n P m n/ (6)c l
2 2

According to Eq. (6), we can easily find that for certain wavelength and period, the number of diffraction modes 
is determined. Considering when P equals 600 nm, for backward illumination, nl equals to 1 which is the refrac-
tive index of air while for forward illumination, nl is 1.59 which is the refractive index of dielectric substrate. So, 
we can easily find that the total number of diffraction orders for forward illumination is larger than that for back-
ward illumination for all the wavelengths which is compatible with simulation results shown in Fig. 2(a). 
Meanwhile, for certain mode (m, n), λc is also different for forward and backward illumination. These differences 
imply the existence of ALT effect.

Figure 2 shows the simulated diffraction result of an optimized MDCG which takes the same parameters as 
Fig. 1. The total number of diffraction orders for forward illumination is obviously larger than that for backward 
illumination as shown in Fig. 2(a), which is caused by the refractive index difference in two different transmission 
spaces. In fact, as indicated by Eq. (6), any one- or two-dimensional grating with different refractive index on two 
sides may result in ALT effect. What’s more, the diffraction efficiency needs to be considered. Figure 2(b) and (c) 
shows the diffraction efficiency at different orders under forward and backward illumination, where only lower 
diffraction orders with high diffraction efficiency are included while higher diffraction orders with low efficiency 
have been excluded. Comparing Fig. 2(b) and (c), we find that the (0, 0) mode for forward illumination takes the 
same value as that of backward illumination, inferring that (0, 0) mode has no effect on broadband ALT effect. 
The diffraction efficiency at other diffraction orders except (0, 0) for forward illumination is a bit larger than that 
for backward illumination, which unambiguously demonstrate the existence of ALT effect. So far, we get that the 
combined effects of the different number of diffraction orders and different diffraction efficiency at each order 
except (0, 0) contribute to the emergence of broadband ALT effect. What’s more, the cut-off point at 600 nm in 
Fig. 2(c) is related to Wood-Rayleigh anomaly wavelength given by λ ε= P, where ε is the permittivity in dif-
fraction space (i.e. ε = 1 in air for backward illulmination). For forward illumination, the large permittivity 
ε = .2 5281 leads to the existence of a cut-off point at about 1500 nm, which is beyond our simulation range from 
375 to 825 nm in Fig. 2(b).



www.nature.com/scientificreports/

4Scientific RepoRTs |  (2018) 8:999  | DOI:10.1038/s41598-018-19329-7

To gain more knowledge about the relationship between broadband ALT effect and diffraction effect, we inves-
tigate the transmittance of MDCG at various lattice periods. Figure 3(a) and (b) show the forward and backward 
transmittance spectra of MDCG as a function of lattice period P. The saltation lines represent the results of diffrac-
tion effect coincide well with theory as noted by the inset dashed lines. We can clearly see that forward transmit-
tance is larger than backward transmittance, especially for diffraction order (0, ±1) and (±1, 0) in air. The calculated 
asymmetric subtraction and ratio as a function of wavelength λ and lattice period P are shown in Fig. 3(c) and (d). 
Obvious ALT effect can be observed at the diffraction orders of (±1, 0) and (0, ±1) in air and (±1, ±2) and (±2, 
±1) in substrate. We would like to emphasize that for the diffraction orders of (±1, 0) and (0, ±1) in air,  

Figure 2. Diffraction effect in MDCG. (a) Total number of diffraction orders as a function of wavelength in 
transmission space under forward (black curve) and backward (red curve) illumination; (b) and (c) Diffraction 
efficiency at different diffraction orders under forward and back illumination respectively. The structural 
parameters used here are the same with that in Fig. 1, where h1 = 75 nm, h2 = 480 nm, r = 180 nm, P = 600 nm, 
and nl = 1.59.

Figure 3. (a) and (b) Simulated forward (a) and backward (b) transmittance spectra versus lattice period P for 
normal incidence; (c) and (d) The calculated asymmetric subtraction and ratio based on (a) and (b). The inset 
dashed line is the diffraction orders (m, n) calculated by Eq. (6). The label ‘air’ and ‘substrate’ denote the related 
diffraction orders in air and substrate respectively. The detail structural parameters of MDCG used here are the 
same with that in Figs 1 and 2 except period P, where h1 = 75 nm, h2 = 480 nm, r = 180 nm, and nl = 1.59.
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the asymmetric ratio can even reach to 25 dB when P = ~550 nm. This giant asymmetric ratio disappears rapidly 
with the increasing of lattice period P. We also observe another obvious ALT region in the waveband of 550 nm to 
800 nm, which is related to LSPR effect excited by Ag cylinder and will be discussed in detail later.

LSPR effect in MDCG. LSPR, the collective electron oscillations in limited space, can be excited in Ag cylin-
der, which can affect diffraction efficiency, thus influencing the ALT effect. To analyze the influence of LSPR 
effect, we firstly investigate the transmittance of MDCG at various cylinder radius r as shown in Fig. 4. In fact, 
when fixing the values of lattice period P and refractive index nl of dielectric cylinder, the total number of diffrac-
tion orders, the related diffraction angles and the critical wavelength λc will be uniquely identified according to 
Eqs (3) and (4). As a result, the two transmission peaks located in the range from 600 to 800 nm should be 
undoubtedly attributed to LSPR effect, which increase with the enlarging of Ag cylinder radius as shown in 
Fig. 4(a) and (b). For forward transmission, the LSPR peaks locate at 625 nm and 717 nm when the cylinder radius 
is 180 nm, which should refer to sextupole and dipole resonance, as indicated by the inset images; while for back-
ward transmission, the LSPR peaks locate at larger wavelength, i.e. 659 nm and 745 nm. The different position of 
LSPR peaks of forward and backward transmittance, together with the transmission intensity difference, resulting 
in the large ALT effect around LSPR peaks (Fig. 4(c) and (d)). Especially for the sextupole dipole resonance, an 
asymmetric ratio of larger than 30 dB is observed in the wave range from 600 to 650 nm (Fig. 4(d)). It should be 
noted that the LSPR peaks at 625 nm and 717 nm for forward illumination are indeed the peaks of diffraction 
efficiency at (±1, 0) diffraction orders which are shown in Fig. 2. This implies that for forward illumination, these 
two LSPR modes enlarge the diffraction efficiency at higher orders, which can be suppressed under backward 
illumination. When the cylinder radius r is smaller than 190 nm, due to the existence of Wood-Rayleigh anomaly, 
there are cut-off points at 600 nm for the asymmetric subtraction and ratio and a weak ALT effect for the wave-
lengths smaller than 600 nm.

The influence of refractive index n of the dielectric cylinder and substrate has also been investigated. As 
shown in Fig. 5, the transmittance and ALT effect of MDCG with increasing the index nl have a similar variation 
tendency with that of increasing the cylinder radius r. However, it should be underlined that the critical wave-
length λc at diffraction orders will change when increasing the refractive index nl. In this case, the ALT effect 
located in the range from 600 to 800 nm in Fig. 5(c) and (d) should be ascribed to the combined effect of the 
sextupole LSPR and the diffraction at (1, 0) and (0, 1) orders in air. What’s more, one can expect that a higher 
performance of broadband ALT effect will be presented with the increasing of the refractive index nl, which can 
be confirmed by Fig. 5(d) where we can see the asymmetric subtraction and ratio increase with enlarging the 
refractive index nl.

Figure 4. (a) and (b) Simulated forward (a) and backward (b) transmittance spectra versus the radius r of 
cylinder; (c) and (d) The calculated asymmetric subtraction and ratio based on (a) and (b). The doted, dashed 
and dash-dot lines denote the sextupole and dipole LSPR peaks, and the green and purple refer to forward and 
backward illumination, respectively. The inset images show the related charge distribution at these LSPR peaks 
in Ag cylinder. The refractive index of dielectric cylinder and substrate is nl = 1.59. The structural parameters 
are the same with Fig. 1, where h1 = 75 nm, h2 = 480 nm, and P = 600 nm.
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WGM in MDCG. In addition to LSPR effect, the WGM excited in MDCG is another reason for the high-contrast  
broadband ALT effect. This WGM supported by the special microstructure of MDCG can affect the diffraction 
efficiency under forward and backward illumination. To analyze the structure-dependent WGM, we system-
atically investigate the contribution of each component of MDCG to ALT effect. Figure 6(a) shows the for-
ward and backward transmittance spectra of the whole MDCG with optimal parameters, on which an obvious 
broadband ALT effect can be observed. When we place sole Ag cylinder or dielectric cylinder on the substrate, 
narrow-band ALT effects can be seen, which are shown in Fig. 6(b) and (d) (the detail diffraction information is 
shown in Figure S1 and S2). In addition, these ALT effects are mainly located in the waveband of larger than the 
Wood-Rayleigh anomaly wavelength (i.e. 600 nm), which can be mainly attributed to the influence of different 
refractive index between forward and backward transmission space. When we consider the Ag/dielectric cylinder 
structure, a well ALT effect is observed in the waveband smaller than the Wood-Rayleigh anomaly wavelength. 
Due to the same refractive index in forward and backward transmission spaces, the total number of diffraction 
orders and angles should keep the same as forward and backward illumination, which is confirmed by simu-
lated results as shown in Figure S3. This well ALT effect should be closely related to the special structure, which 
can support WGM and enlarge the difference of diffraction efficiency between forward and backward illumi-
nation. The WGM, along with LSPR effect and difference of transmission spaces, results in the appearance of 
high-contrast broadband ALT effect.

To reveal the underlying mechanism of WGM, we investigate the electric field distribution for both forward 
and backward illuminations. Figure 7 shows the electric field distribution of MDCG at the peak (i.e. 615 nm, as 
shown in Fig. 1(d)) of asymmetric ratio between forward and backward illuminations. LSPR is excited between 
the slits of the cylinders. For forward illumination, the constructive interference of both SPP waves on Ag cylinder 
walls enhances the radiation transmission, causing an increasement of forward transmittance; while for backward 
illumination, most of the incident light is reflected to form resonant WGM in dielectric cylinder, where high elec-
tric intensity distribution is observed. Meanwhile, the reflected light interferes destructively with incident light, 
further suppressing radiation into the air. Thus, only a small part of optical energy can go through MDCG. In 
addition, LSPR at the corners of Ag cylinder for backward illumination is relatively weak, therefore the forward 
scattering and strong radiation modes cannot be excited.

Diffraction Light transmission in grating-based ALT device substrate. Previous discussions are 
based on MDCG is placed on a semi-infinite substrate, which is reasonable for applications in fibers, solar cells and 
so on. But in most other cases, an independent ALT device is highly desired, where the diffraction lights should 
transmit out the substrate. However, the large diffraction angle in grating-based ALT devices may result in a total 
internal reflection at the interface between substrate and air for diffraction lights. To fully understand this 

Figure 5. (a) and (b) Simulated forward (a) and backward (b) transmittance spectra versus nl; (c) and (d) The 
calculated asymmetric subtraction and ratio based on (a) and (b). The doted, dashed and dash-dot lines denote 
the sextupole and dipole LSPR peaks, and the green and purple refer to forward and backward illumination, 
respectively. The inset images show the related charge distribution at these LSPR peaks in Ag cylinder. The 
radius of cylinder in (c) and (d) is 180 nm. The structural parameters are the same with Fig. 1, where h1 = 75 nm, 
h2 = 480 nm, and P = 600 nm.
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phenomenon, we firstly calculate the critical angle in our case which is θ = = ≈ .
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 nm can be reflected to the substrate for a grating placed on 

a cuboid substrate as shown in Fig. 8(b), which is a normal phenomenon for all the ALT devices based on the 
asymmetric diffraction effects. Certainly, if the wavelength of diffraction lights is smaller than 

+m n

600
2 2

 nm, the 

total internal reflection phenomenon will not happen. In order to guide the diffraction lights going out of the sub-
strate, we employ a semi-sphere substrate as shown in Figs 1(a) and 8(a). In this case, the incident angles for 

Figure 6. Forward (red curve) and backward (blue curve) transmittance spectra of MDCG (a), dielectric 
cylinder on dielectric substrate (b), Ag/dielectric cylinder (c) and Ag cylinder on dielectric substrate (d). The 
inset images are the related structure schematic diagram. The detail structural parameters used here is the same 
with that used in Fig. 1, where h1 = 75 nm, h2 = 480 nm, r = 180 nm, P = 600 nm, and nl = 1.59.

Figure 7. The profiles of electric field E E/ 0
2 distribution for (a) forward illumination and (b) backward 

illumination at the wavelength of 615 nm. The detail structural parameters used here are the same with that used 
in Fig. 1, where h1 = 75 nm, h2 = 480 nm, r = 180 nm, P = 600 nm, and nl = 1.59.
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diffraction lights at the sphere interface are nearly zero and all the diffraction lights can go out to the air again. In 
addition to the semi-sphere substrate, we can also employ other substrates to overcome this problem, such as gra-
dient refractive index substrate.

Conclusion
In this work, we propose and numerically demonstrate a high performance optical diode-like device based on 
MDCG placed on a semi-sphere substrate. The asymmetric subtraction and ratio can reach to about 0.5 and 
4 dB in the waveband from 380 nm to 780 nm respectively, except for the small dip in the vicinity of 660 nm. 
The optimal asymmetric subtraction and ratio can reach to 0.8 and 13 dB. This excellent ALT effect should be 
attributed to special asymmetric diffraction effect, LSPR effect together with WGM supported by MDCG. The 
differences between forward and backward transmission space, i.e. dielectric substrate and air, enlarge the diffrac-
tion differences, including both the total number of diffraction orders especially for the wavelength larger than 
Wood-Rayleigh anomaly wavelength in air and diffraction intensity of each mode. Meanwhile LSPR effect and 
WGM play a leading role on diffraction efficiency. The different position of LSPR peaks excited in Ag cylinder 
under forward and backward illumination leads to a well ALT effect at wavelength larger than Wood-Rayleigh 
anomaly wavelength in air. In fact, LSPR effect excited under forward illumination greatly enlarge the diffraction 
efficiency at (1, 0) and (0, 1) orders in substrate. The WGM formed for backward illumination effectively pre-
vent light going to air and promote ALT effect especially at wavelength smaller than Wood-Rayleigh anomaly 
wavelength in the air. In addition, the semi-sphere substrate can effectively guide diffraction light going out the 
substrate, resulting a real ALT device. These theoretical analyses improve our understanding of the ALT effect 
produced by gratings. And the easy-processing MCDG with high ALT performance for both polarized and unpo-
larized light may find potential applications in unidirectional electromagnetic field.

Methods
We use FDTD calculations to simulate the optical properties and near field enhancement. A plane wave with wave-
lengths from 375 nm to 825 nm is placed in reflection space to illuminate MDCG, and the transmission light is 
collected by a monitor placed in transmission space. A periodic boundary condition is used in X and Y directions, 
and a perfect matched layer is used in Z direction. The thickness of the dielectric substrate is assumed to be infinite 
in simulation while for fabrication we can use semi-spherical surface to impede potential total reflection for higher 
diffraction orders. The height of metal and dielectric cylinders h1 and h2, radius r of cylinders, refractive index nl 
take specific parameters in different figures. The optical constants of silver are taken from the previously measured 
values38. A uniform mesh size of 2 nm was used in x, y, and z directions to ensure accuracy of electric field simula-
tions inside the metal cylinders. And all simulation results have been normalized to the incident light power.

References
 1. Fan, L. et al. An all-silicon passive optical diode. Science 335, 447–450 (2012).
 2. Bi, L. et al. On-chip optical isolation in monolithically integrated non-reciprocal optical resonators. Nature Photonics 5, 758–762 (2011).
 3. Yu, Z. & Fan, S. Complete optical isolation created by indirect interband photonic transitions. Nature photonics 3, 91–94 (2009).
 4. Feng, L. et al. Nonreciprocal light propagation in a silicon photonic circuit. Science 333, 729–733 (2011).
 5. Aydin, K. Integrated optics: Nanostructured silicon success. Nature Photonics 9, 353–355 (2015).
 6. Zaman, T., Guo, X. & Ram, R. Faraday rotation in an InP waveguide. Applied physics letters 90, 023514 (2007).
 7. Espinola, R. L., Izuhara, T., Tsai, M.-C., Osgood, R. M. & Dötsch, H. Magneto-optical nonreciprocal phase shift in garnet/silicon-

on-insulator waveguides. Optics letters 29, 941–943 (2004).
 8. Rostami, A. Piecewise linear integrated optical device as an optical isolator using two-port nonlinear ring resonators. Optics & Laser 

Technology 39, 1059–1065 (2007).
 9. Gallo, K., Assanto, G., Parameswaran, K. R. & Fejer, M. M. All-optical diode in a periodically poled lithium niobate waveguide. 

Applied Physics Letters 79, 314–316 (2001).
 10. Soljačić, M., Luo, C., Joannopoulos, J. D. & Fan, S. Nonlinear photonic crystal microdevices for optical integration. Optics letters 28, 

637–639 (2003).

Figure 8. The schematics of our designed MDCG with different substrates: (a) semi-sphere substrate and (b) 
cuboid substrate. The size of substrate, i.e. the radius of the semi-sphere substrate or the length, width and 
height of the cuboid substrate, is large enough to avoid additional diffraction or interference effect.



www.nature.com/scientificreports/

9Scientific RepoRTs |  (2018) 8:999  | DOI:10.1038/s41598-018-19329-7

 11. Lira, H., Yu, Z., Fan, S. & Lipson, M. Electrically driven nonreciprocity induced by interband photonic transition on a silicon chip. 
Physical review letters 109, 033901 (2012).

 12. Kang, M., Butsch, A. & Russell, P. S. J. Reconfigurable light-driven opto-acoustic isolators in photonic crystal fibre. Nature Photonics 
5, 549–553 (2011).

 13. Haus, H. A. Waves and fields in optoelectronics. (Prentice-Hall, 1984).
 14. Jalas, D. et al. What is–and what is not–an optical isolator. Nature Photonics 7, 579 (2013).
 15. Kuzmiak, V. & Maradudin, A. A. Asymmetric transmission of surface plasmon polaritons on planar gratings. Physical Review A 92, 

053813 (2015).
 16. Stolarek, M. et al. Asymmetric transmission of terahertz radiation through a double grating. Optics letters 38, 839–841 (2013).
 17. Xu, J. et al. Unidirectional optical transmission in dual-metal gratings in the absence of anisotropic and nonlinear materials. Optics 

letters 36, 1905–1907 (2011).
 18. Cakmakyapan, S., Serebryannikov, A. E., Caglayan, H. & Ozbay, E. One-way transmission through the subwavelength slit in 

nonsymmetric metallic gratings. Optics letters 35, 2597–2599 (2010).
 19. Lu, C. et al. Ultralow power all-optical diode in photonic crystal heterostructures with broken spatial inversion symmetry. Applied 

Physics Letters 99, 051107 (2011).
 20. Serebryannikov, A. E. One-way diffraction effects in photonic crystal gratings made of isotropic materials. Physical Review B 80, 

155117 (2009).
 21. Zang, X. & Jiang, C. Edge mode in nonreciprocal photonic crystal waveguide: manipulating the unidirectional electromagnetic pulse 

dynamically. JOSA B 28, 554–557 (2011).
 22. Lu, C., Hu, X., Yang, H. & Gong, Q. Ultrahigh-contrast and wideband nanoscale photonic crystal all-optical diode. Optics letters 36, 

4668–4670 (2011).
 23. Wang, C., Zhou, C.-Z. & Li, Z.-Y. On-chip optical diode based on silicon photonic crystal heterojunctions. Optics express 19, 

26948–26955 (2011).
 24. Zhang, Y. et al. Silicon optical diode based on cascaded photonic crystal cavities. Optics letters 39, 1370–1373 (2014).
 25. Zhang, Y., Kan, Q. & Wang, G. P. One-way optical transmission in silicon grating-photonic crystal structures. Optics letters 39, 

4934–4937 (2014).
 26. Fedotov, V. et al. Asymmetric propagation of electromagnetic waves through a planar chiral structure. Physical review letters 97, 

167401 (2006).
 27. Fedotov, V., Schwanecke, A., Zheludev, N., Khardikov, V. & Prosvirnin, S. Asymmetric transmission of light and enantiomerically 

sensitive plasmon resonance in planar chiral nanostructures. Nano Letters 7, 1996–1999 (2007).
 28. Menzel, C. et al. Asymmetric transmission of linearly polarized light at optical metamaterials. Physical review letters 104, 253902 (2010).
 29. Kenanakis, G. et al. Three-dimensional infrared metamaterial with asymmetric transmission. ACS Photonics 2, 287–294 (2015).
 30. Xu, T. & Lezec, H. J. Visible-frequency asymmetric transmission devices incorporating a hyperbolic metamaterial. Nature 

communications 5, 4141 (2014).
 31. Shen, B., Polson, R. & Menon, R. Broadband asymmetric light transmission via all-dielectric digital metasurfaces. Optics express 23, 

20961–20970 (2015).
 32. Zhang, L., Mei, S., Huang, K. & Qiu, C. W. Advances in Full Control of Electromagnetic Waves with Metasurfaces. Advanced Optical 

Materials 4, 818–833 (2016).
 33. Zhang, L. et al. Anomalous behavior of nearly-entire visible band manipulated with degenerated image dipole array. Nanoscale 6, 

12303–12309 (2014).
 34. Callewaert, F., Butun, S., Li, Z. & Aydin, K. Inverse design of an ultra-compact broadband optical diode based on asymmetric spatial 

mode conversion. Scientific reports 6, 1–10 (2016).
 35. Liu, V., Miller, D. A. & Fan, S. Ultra-compact photonic crystal waveguide spatial mode converter and its connection to the optical 

diode effect. Optics express 20, 28388–28397 (2012).
 36. Tang, B., Li, Z., Liu, Z., Callewaert, F. & Aydin, K. Broadband asymmetric light transmission through tapered metallic gratings at 

visible frequencies. Scientific reports 6, 1–7 (2016).
 37. Moharam, M. G. & Gaylord, T. K. Three-dimensional vector coupled-wave analysis of planar-grating diffraction. Journal of the 

Optical Society of America (1917–1983) 73, 1105–1112 (1983).
 38. Johnson, P. B. & Christy, R.-W. Optical constants of the noble metals. Physical review B 6, 4370 (1972).

Acknowledgements
We acknowledge the funding support from the Natural Science Foundation of China (11604227).

Author Contributions
Y. Hou conceived the idea, supervised the study as well as improved the manuscript presentation. R. Zhu 
performed the numerical simulations, and wrote the first draft of manuscript. X. Wu made some numerical 
simulations, improved all of the Figures in draft and wrote the second draft of manuscript. G. Zheng, J. Zhu and 
F. Gao discussed the results and reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-19329-7.
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://dx.doi.org/10.1038/s41598-018-19329-7
http://creativecommons.org/licenses/by/4.0/

	Broadband Asymmetric Light Transmission at Metal/Dielectric Composite Grating
	Schematic and Optimized Results
	Discussions
	Diffraction effect in MDCG. 
	LSPR effect in MDCG. 
	WGM in MDCG. 
	Diffraction Light transmission in grating-based ALT device substrate. 

	Conclusion
	Methods
	Acknowledgements
	Figure 1 (a) Schematic diagram of the designed MDCG.
	Figure 2 Diffraction effect in MDCG.
	Figure 3 (a) and (b) Simulated forward (a) and backward (b) transmittance spectra versus lattice period P for normal incidence (c) and (d) The calculated asymmetric subtraction and ratio based on (a) and (b).
	Figure 4 (a) and (b) Simulated forward (a) and backward (b) transmittance spectra versus the radius r of cylinder (c) and (d) The calculated asymmetric subtraction and ratio based on (a) and (b).
	Figure 5 (a) and (b) Simulated forward (a) and backward (b) transmittance spectra versus (c) and (d) The calculated asymmetric subtraction and ratio based on (a) and (b).
	Figure 6 Forward (red curve) and backward (blue curve) transmittance spectra of MDCG (a), dielectric cylinder on dielectric substrate (b), Ag/dielectric cylinder (c) and Ag cylinder on dielectric substrate (d).
	Figure 7 The profiles of electric field distribution for (a) forward illumination and (b) backward illumination at the wavelength of 615 nm.
	Figure 8 The schematics of our designed MDCG with different substrates: (a) semi-sphere substrate and (b) cuboid substrate.




