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Abstract 

The breaking of Lorentz reciprocity law is a non-trivial task, since it usually requires bulky 

magnets or complicated time-modulation dynamic techniques to be accomplished. In this work, 

we present a simple and compact design of a nonlinear bifacial dielectric metasurface to 

achieve strong self-induced passive nonreciprocal transmission without the use of external 

biases. The proposed design is ideal for free space optics applications, can operate under both 

incident polarizations, and require very low input excitation power to reach the nonreciprocal 

regime. It is composed of two passive silicon-based metasurfaces exhibiting Fano and 

Lorentzian resonances embedded in an ultrathin glass substrate. Highly asymmetric field 

enhancement is achieved with the proposed design that leads to strong nonreciprocity at low 

excitation intensities due to the large Kerr nonlinearity of silicon. Moreover, cascade designs 

are presented to further improve the insertion loss, broaden the nonreciprocal intensity range, 

and increase the isolation ratio by enhancing the transmission contrast. Finally, it is 

demonstrated that the proposed nonlinear metasurface is robust to fabrication imperfections 

and can achieve large isolation for a relative broad input power range even in the case of two 
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incident waves impinging at the same time from both directions. The current work is expected 

to lead to several compact nonreciprocal nanophotonic devices, such as all-optical diodes, 

isolators, circulators, and ultrathin protective layers for sensitive optical components. 

 

I. INTRODUCTION 

Nonreciprocal transmission is the fundamental operation mechanism behind all-optical 

isolators, circulators, and diodes [1-10]. It can control the direction of wave propagation and 

enables critical optical functionalities, such as laser source protection [11,12], topological beam 

routing and splitting [13-15], phase shifting [16,17], sensing [18,19], quantum computing 

[20,21]. In addition, the effect of nonreciprocity protects the transmission fidelity against 

possible signal instabilities, thus becoming an important functionality in the emerging field of 

quantum optical communications, ensuring coherent information processing [22]. Generally, 

time-reversal symmetric optical systems constructed by linear time-invariant materials are 

reciprocal, as long as an external bias is not applied [8]. Interestingly, several ways exist to 

break reciprocity by applying magnetic material bias [23-25], dynamic space and time 

modulation [26-28], and optical nonlinearity [29-36]. Although the use of magnetic materials 

is the most widely used technique, magnets are bulky, lossy, and expensive, making this 

approach difficult to be implemented on chip integrated nanophotonic circuits. In addition, the 

use of time modulation can be challenging to be applied in optical frequencies due to the weak 

response and increased complexity of electro-optical modulators [37]. On the other hand, 

nonreciprocity by optical nonlinear effects is a more appealing technique due to the absence of 

any kind of external bias. The nonlinear nonreciprocal system is self-biased by the signal itself 
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traveling through the device. Moreover, the optical nonlinear systems do not require any active 

(gain) materials to boost their nonreciprocal response [34], meaning that they are completely 

passive and do not suffer from instabilities or other quantum noise problems.  

 

Silicon is an ideal nonlinear material with strong third order Kerr nonlinearity [38] that has 

been widely used in the design of dielectric metasurfaces [39]. The fabrication of these systems 

is compatible with the well-established complementary metal–oxide–semiconductor (CMOS) 

technology used to build compact and integrated nanodevices. To achieve strong nonreciprocal 

transmission, the nonlinear system must be highly asymmetric, meaning that the field 

distribution when excited from opposite directions is different. Since the Kerr effect is 

proportional to the optical intensity [38], the difference in the induced nonlinear permittivity 

from each incident direction can lead to nonreciprocal transmittance. Fano resonators are 

commonly used to achieve nonlinear nonreciprocity [40-42]. They usually exhibit a structural 

asymmetry and a steep change in the transmission spectra, and thus can become very sensitive 

to the input intensity from different incident directions via nonlinear effects. However, it has 

been proven that a single nonlinear Fano resonator has a fundamental bound between the 

insertion loss and the nonreciprocal intensity contrast range [9,43,44], which limits its 

performance. Furthermore, the majority of the previously proposed nonlinearity-based 

nonreciprocal photonic devices are relative thick and usually operate in waveguide 

configurations. As a result, they cannot be used as free-standing structures that are ideal for 

free-space optics applications. Moreover, they usually exhibit poor nonreciprocal transmission 

contract and/or require impractical very high input intensity values to excite the 
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aforementioned nonreciprocal effect. Finally, they cannot be used when excited by both 

directions in the same time due to the ‘dynamic’ reciprocity problem [32]. 

 

In this work, we propose a simple passive nonreciprocal device of a bifacial dielectric 

metasurface made of silicon spheres embedded in a glass substrate. The two metasurfaces have 

different geometries and function as coupled resonators, one of which has a Fano and the other 

a Lorentzian resonant response. The total system has a high-Q resonant response, which is ideal 

to achieve nonlinearity-triggered nonreciprocal response. The design is found to be robust 

against fabrication imperfections and disorder. Note that similar nonreciprocal performance 

can be obtained if the spherical silicon resonators are replaced by cylinders or other comparable 

geometries. Large nonreciprocal transmission at the technologically interesting 

telecommunication near-infrared (IR) wavelength range is realized when the input radiation is 

launched from opposite directions. Silicon is used in the presented design due to its large 

refractive index and strong nonlinear Kerr coefficient. The boosted field enhancement at the 

resonance of the proposed structure leads to very low required input intensity values to obtain 

significant nonreciprocal transmission on the order of few MW/cm2. These low values will not 

cause saturation or other damage-leading detrimental effects, since the structure is all-dielectric 

with minimum optical loss and, as a result, extremely low induced ohmic heating.  

 

To further improve the nonreciprocal performance of the proposed design, including insertion 

loss, nonreciprocal intensity range, isolation ratio, and flatness of nonreciprocal transmittance 

over a broader input intensity range, we increase the geometrical asymmetry of the existing 
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structure by adding more metasurfaces in the presented composite nanosystem. Thus, the 

proposed two-layer bifacial metasurface is extended to four metasurface layers, always 

embedded inside a glass substrate. Two kinds of four-layer composite metasurfaces are 

investigated: a) cascaded pair of two coupled Fano-Lorentz bifacial metasurfaces, b) a pair of 

Lorentz metasurfaces followed by another pair of Fano metasurfaces. It is demonstrated that 

several limitations of nonreciprocal systems based on single nonlinear resonators can be 

overcome by these more elongated, but still ultrathin and compact, configurations [9,43,44]. 

Finally, due to the ‘dynamic’ reciprocity inherent problem of nonlinear nonreciprocal systems 

[32], the proposed metasurfaces are capable to work only for pulsed illumination. However, it 

is demonstrated that large nonreciprocal transmission still occurs when two input waves are 

simultaneously illuminated from opposite directions, as long as their input intensities do not 

exceed a moderate value, hence, relaxing the ‘dynamic’ reciprocity problem [32]. The 

presented work will lead to the design of several compact unidirectional nanophotonic 

components, such as all-optical diodes, isolators, circulators, and ultrathin protective layers to 

decrease the damage of sensitive optical equipment from ‘stray’ laser signals. 

 

II. GEOMETRY AND LINEAR TRANSMISSION 

The geometry of the proposed bifacial metasurface is shown in Fig. 1. It is composed of two 

opposite placed dielectric metasurfaces separated by a thin glass substrate with thickness 

2.2d   μm. The metasurface is made of silicon spheres embedded in glass and operates at 

near-IR wavelengths. The material losses are very low at this frequency range and the linear 

permittivities of silicon and glass are equal to , 12.25L Si    and , 2.1L glass   , respectively. 
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The bottom metasurface is made of periodically distributed silicon spheres with radii 3 290R   

nm. Due to the uniform periodic formation of silicon spheres, the bottom metasurface functions 

as a typical Lorentz resonator characterized by a magnetic resonance [45]. The top metasurface 

is composed of a bi-periodic silicon nanoparticle array interlaced by spheres with radii  

1 210R    nm and 2 205R    nm. The small difference in the radii will break the in-plane 

symmetry, resulting to interference between different resonant modes [46] or distortion of the 

symmetry-protected bound states in the continuum [47], thus generating a sharp Fano 

resonance [48] in the transmission spectrum. However, this resonance can still prevail even for 

larger radii differences, as it is shown later in section IV, making the proposed design robust to 

fabrication imperfections. The top and bottom metasurfaces have same periodicity 800a   

nm along the x- and y-directions, while the nanoparticles with radii 1R  and 3R  are aligned 

in the z-axis as shown in the inset of Fig. 1(b), where a close-up of the proposed bifacial 

dielectric metasurface unit cell is presented. The forward and backward directions of the input 

waves impinging from the top or bottom side of the composite metasurface, respectively, are 

also shown in Fig. 1(b). We assume the excitation to be a plane wave traveling along the z-axis 

and impinging at normal incident angle on the bifacial metasurface. The incident wave can be 

either x- or y-polarized, leading to similar results due to the symmetric metasurface profile. 

During our three dimensional (3D) simulations, we modeled one unit cell of the proposed 

bilayer metamaterial and use periodic boundary conditions for all the lateral boundaries [49]. 

More details about the linear simulations can be found in [50]. 

 

The computed linear transmittance spectra of the top Fano and bottom Lorentz metasurfaces, 
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when the glass substrate has a thickness of / 2d , are shown in Fig. 2. The ultrasharp Fano 

resonant response makes this metasurface completely transparent at 1524   nm and opaque 

at the nearby wavelength of 1529   nm. The direction and amplitude of the electric field 

distribution at the transmission dip ( 1529   nm) is shown in the inset of Fig. 2. The apparent 

electric field circulation is a direct signature of a magnetic dipole resonance. Interestingly, the 

circulation is inverse at the left and right adjacent satellite nanospheres, indicating destructive 

interference, which causes zero far-field transmittance due to the resulted Fano resonance [45-

48]. The field enhancement is defined in this case as 0/E E , where E  is the local electric 

field and 0E   is the electric field amplitude of the incident wave. This Fano dielectric 

metasurface has a strong field enhancement. On the other hand, the bottom Lorentz metasurface 

has a much broader bandwidth compared to the top Fano metasurface with a peak transmittance 

value 0.99T   at 1524   nm. The field distribution of this metasurface is shown in [50] 

for different wavelengths. Finally, the overall linear transmittance of the proposed bifacial 

metasurface system, embedded in a glass substrate with thickness d , is depicted by the solid 

red line in Fig. 2. The overall transmittance cannot be derived just by multiplying the 

transmittance spectra of the Lorentz and Fano metasurfaces, but has a more complicated and 

complex shape. This is due to mutual coupling between the top and bottom metasurfaces, as 

well as the impact of the glass substrate thickness. The resulted transmittance spectrum of the 

proposed bifacial metasurface has an ideal ultrasharp shape, where the transmittance decreases 

rapidly from one to zero within an extremely narrow bandwidth. Such an abrupt change in 

transmission, combined with the enhanced and asymmetric field distributions at the top and 

bottom metasurfaces (computed and shown in Fig. 2 and [50]) will lead to the presented strong 
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nonlinearity-based self-induced nonreciprocal transmission.  

 

III. SELF-INDUCED NONRECIPROCAL TRANSMISSION 

As the input intensity 0I  is increased, the Kerr nonlinear effect is expected to be triggered and 

alter the material properties. More precisely, it will introduce a nonlinear polarizability term 

given by 
(3) 2

0P | |NL E E   , where 0  is the permittivity of free space and (3)  is the 

third-order nonlinear susceptibility of the material [38]. As a result, the permittivity of the 

material will be modulated by the local optical field intensity as 
(3) 2| |L E    , where L  

is the linear permittivity. Silicon has strong nonlinearity at near-IR range with 
(3) 182.8 10Si    

m2/V2, which is four orders of magnitude larger compared to glass [38]. Moreover, the electric 

field is mainly confined within the silicon nanospheres, hence, we can safely neglect the Kerr 

nonlinear process in the glass substrate. More details about the nonlinear simulations can be 

found in [50]. 

 

The transmittance from both sides becomes dependent on the input intensity due to the 

introduction of the Kerr effect, as shown in Fig. 3, where the wavelength is fixed to 0 1530   

nm. Generally, the resonance frequency would be redshifted due to the Kerr effect. The 

proposed bifacial metasurface is almost opaque from both incident direction illuminations 

when the input intensity is low, similar to the linear spectrum in Fig. 2. With the increase of 

the input intensity, the forward and backward transmittances will abruptly jump to a much 

higher level but for substantially different intensity thresholds. The threshold of the forward 

incident case is 1.6thFI   MW/cm2, which is lower compared to the backward incident 
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direction threshold 3thBI   MW/cm2. Thus, when the input intensity is in the intensity 

window 0thF thBI I I  , the forward transmittance is high while the backward transmittance is 

near zero, exhibiting strong nonreciprocity. In addition, the fluctuation in the forward 

transmission is approximately  
0

max( ) min( ) 0.21
thF thB

F F F I I I
T T T

 
     in this 

nonreciprocal intensity window. We quantify the nonreciprocity intensity range ( NRI ) by the 

intensity ratio where the system exhibits large nonreciprocity /NR thB thFI I I  [44], which in 

the current case is / 1.9NR thB thFI I I  . The transmission contrast ratio /F BT T  reaches its 

maximum value at 0 2.99I   MW/cm2, where 0.9FT   and 
32.9 10BT   , ideal values for 

optical diode applications. This performance is substantially improved compared to relevant 

devices in the literature exhibiting self-induced nonreciprocal transmission [40-42]. 

 

The nonreciprocal threshold intensities are different in the case of forward and backward 

illumination due to the asymmetric electric field distribution when the structure is illuminated 

from opposite directions. The electric field enhancement distribution along the x-y plane and 

across the nanosphere centers of the Fano metasurface, under a fixed input intensity 0 2.99I   

MW/cm2, is shown in the inset of Fig. 3. When the input is along the forward direction, the 

electric field enhancement in the smaller satellite nanospheres ( 2 205R    nm) is stronger 

compared to the central nanosphere ( 1 210R    nm). On the contrary, the maximum field 

enhancement is achieved in the central nanosphere ( 1 210R   nm) in the case of backward 

wave illumination. In addition, the maximum field enhancement 0E E  obtained along the 

lattice of the Fano metasurface is substantially increased in the forward illumination scenario, 

an even more important feature in order to achieve the presented nonreciprocal response. The 
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input direction has less effect on the field distribution of the Lorentz metasurface (results shown 

in [50]). Hence, the Fano metasurface plays a pivotal role in the presented strong self-induced 

nonreciprocal response. 

 

As discussed before, the source of the nonreciprocal transmission is the geometrical asymmetry 

combined with the strong nonlinearity of the proposed structure. To further increase the 

asymmetry in the structure’s geometry, and, as a result, improve the nonreciprocal transmission 

contrast, two bifacial metasurfaces are used in a cascade configuration with a unit cell shown 

in Fig. 4(a). The dimensions of each composite metasurface are the same with those used before 

in Fig. 2. The system is still embedded in a glass substrate for practical reasons. The distance 

between the two cascade metasurfaces is chosen to be 2.35D   μm, which is close to the 

thickness of the glass substrate of each metasurface ( 2.2d    μm). The forward FT  and 

backward BT  transmittances with respect to increased input intensity values are depicted in 

Fig. 4(b), plotted at the same input wavelength 0 1530   nm compared to Fig. 3 single 

metasurface design. The insertion loss is slightly decreased and maximum transmission 

contrast is achieved by using lower input intensities, since the maximum forward transmittance 

is slightly increased to 0.91FT   for 0 2.3I   MW/cm2, compared to 0.9FT   in Fig. 3 at 

0 2.99I   MW/cm2. In addition, the flatness of the forward transmittance in the nonreciprocal 

input intensity range is substantially improved and becomes equal to 0.11FT  . In this 

cascade configuration, the backward transmission is strongly suppressed compared to the 

single bifacial metasurface case, and this effect leads to an increased isolation ratio. In 

particular, the backward transmittance reaches its minimum value 
42.7 10BT    at 0 2.3I   
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MW/cm2, which is ten times lower compared to the single bifacial metasurface design with 

results shown in Fig. 3. The forward and backward input intensity thresholds are 1.64thFI   

MW/cm2 and 2.31thBI   MW/cm2 in the cascade scenario, leading to 1.41NRI  . The 

nonreciprocal range (quantified by NRI ) is slightly deteriorated compared to the single bifacial 

metasurface case. However, the isolation ratio and insertion loss are significantly improved 

with the cascade configuration. 

 

An alternative bifacial multilayer metasurface to further increase the geometric asymmetry is 

shown in Fig. 5(a), where two pairs of Fano and Lorentz metasurfaces are subsequently stacked, 

again embedded in a glass substrate. In order to move its resonance to the same wavelength 

( 1529   nm) used in Fig. 2, the interlayer distances are selected as 1.8Fd   μm between 

the Fano metasurfaces, 2.4pD    μm between the Fano and Lorentz metasurfaces, and 

1.95Ld    μm between the Lorentz metasurfaces, respectively. All other dimensions are 

similar to Fig. 2 design. The computed forward FT  and backward BT  transmittances as 

functions of the increased input intensity values is shown in Fig. 5(b), while the input 

wavelength is equal to 0 1530   nm. The threshold intensity of the backward direction 

propagation is lower than that of the forward direction, i.e., thB thFI I , where 1.3thBI   

MW/cm2 and 1.85thFI    MW/cm2, which consists an inverse response compared to the 

previous scenario demonstrated in Fig. 3. Therefore, we swap the numerator and denominator 

in the definition of nonreciprocal intensity range becoming: 1.42/thFNR thBI II   . This NRI  

value is slightly less than that of the single bifacial metasurface, but larger compared to the 4-

layer composite metasurface shown before in Fig. 4(a). In this nonreciprocal window, the 
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backward wave will be almost fully transmitted but the forward wave will be very low. The 

insertion loss is kept low in the nonreciprocity intensity range with an average backward 

transmittance equal to 0.99BT  . In addition, BT  is extremely flat along the nonreciprocity 

intensity range with a very small backward transmittance fluctuation 

 
0

max( ) min( ) 0.02
thB thF

B B B I I I
T T T

 
    . When the input intensity is below the threshold 

value thFI , the forward transmittance is kept at very low levels with a minimum value of 

0.03FT   at 0 1.84I   MW/cm2. This response leads to an ultrahigh isolation ratio in the 

entire nonreciprocity intensity range with even lower input intensity values compared to the 

single bifacial metasurface design. 

 

Normally, improving the insertion loss and the flatness of transmittance would result in a 

decreased NRI . For instance, a tradeoff relation exists between NRI   and the maximum 

transmittance in the nonreciprocal region for any system that contains a single nonlinear Fano 

resonator, which is given by 
2

max lim 4 / ( 1)NR NRT T I I     [9,43,44]. In the case of single 

bifacial metasurface design shown in Fig. 3, we can derive that 1.9NRI  , leading to a 

transmittance limit lim 0.9T  . The maximum nonreciprocal transmittance in this case is 

max 0.9T  , exactly at this limit. In the metasurface shown in Fig. 4(a), the maximum 

nonreciprocal transmittance does not exceed the transmittance limit: max lim0.91 0.97T T    

with 1.41NRI  . On the contrary, the bifacial multilayer metasurface composed of two pairs 

of Fano and Lorentz metasurfaces shown in Fig. 5(a) can break this limit, achieving 

max lim0.99 0.97T T   . This is due to the fact that the composite metasurface of Fig. 5(a) can 

significantly increase the flatness and transmittance maximum. The composite design exhibits 
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improved nonreciprocal response compared to the previously presented self-induced 

nonreciprocal devices [40-42] and can be employed as a compact free-standing optical isolator 

or diode.  

 

In the results presented in Fig. 3, it is assumed that at any given time, only one pulse propagates 

along the metasurface, either from the forward or backward direction. Hence, the proposed 

bifacial metasurface can exhibit strong nonreciprocal transmission when illuminated by a 

pulsed wave in order to eliminate the ‘dynamic’ reciprocity problem [32]. However, it will be 

interesting to investigate the presented self-induced nonreciprocity effect when two waves are 

simultaneously launched from opposite directions and coexist inside the metasurface, as 

schematically shown in Fig. 6(a). The wave with intensity 1inI   and power 
2

1 1in inP a I  

propagates in the forward direction, while the wave with intensity 2inI   and power 

2

2 2in inP a I  travels opposite, where a  is the structure’s period. The measured total output 

powers from the bottom and top side of the bifacial metasurface are 1outP   and 2outP  , 

respectively. The subscripts 1 and 2 represent the forward and backward propagation direction, 

respectively. We assume a constant input intensity value 0 2.3I   MW/cm2 that is located at 

the center of the nonreprocity intensity range in Fig. 3, where large nonreciprocity exists under 

single illumination with 0.86FT   and 0.037BT  . Then, we assign the forward input 

intensity to have this fixed value 1 0inI I , while increasing the input intensity 2inI  of the 

backward input wave. In this scenario, the corresponding output power ratio at the bottom side 

of the bifacial metasurface, given by 1 1 1 2/ ( )out in inP P P   , is computed and shown by the 

dashed red line in Fig. 6(b). Similarly, when 2 0inI I  and 1inI  is increasing, the 
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corresponding output power ratio at the top side of the bifacial metasurface, given by 

2 2 1 2/ ( )out in inP P P   , is calculated and depicted by the solid black line in Fig. 6(b). 

Interestingly, if the input at the output port exceeds a threshold value of ~0.17 MW/cm2, 

‘dynamic’ reciprocity comes into effect [32] and the proposed metasurface is no longer 

nonreciprocal. However, Fig. 6(b) clearly demonstrates that the nonreciprocal transmission can 

remain as long as the input signal intensity from the opposite direction is lower than that 

threshold, which is ~1/10 of the threshold intensity ( thFI  or thBI ) in the case of the single 

excitation nonreciprocal operation. 

 

The potential experimental verification of the proposed nonreciprocal design is feasible. The 

bifacial all-dielectric metasurface can be built by well-established semiconductor 

nanofabrication methods combined with material transfer techniques [51-53]. To further reduce 

the fabrication complexity, the spheres can be replaced by nanocylinders or nanocones without 

affecting the performance of the proposed device, since they also support Mie-like resonances 

[39,54]. Polydimethylsiloxane (PDMS) has refractive index similar to the currently used glass 

and can be used as an alternative intermediate substrate material to embed the presented silicon 

metasurface design [52].  

 

IV. ROBUSTNESS AGAINST GEOMETRICAL IMPERFECTIONS 

The Fano resonance shown in Fig. 2 originates from the small difference in the silicon sphere 

radii of the Fano metasurface. In the current design, the radii of the silicon spheres are chosen 

to be 1 210R   nm and 2 205R   nm, with a small radii difference of 1 2( ) 5R R   nm. 
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During the potential fabrication and experimental verification of the proposed concept, 

geometrical imperfections are expected to be induced in the metasurface’s structure leading to 

deviations in the sphere radii difference. To further study the robustness of the proposed 

metasurface to potential fabrication imperfections, we keep the radii average 1 2( ) / 2R R  

constant while varying the radii difference 1 2( )R R  from 5 nm to 105 nm. The computed 

transmittance spectra of the proposed linear bifacial metasurfaces by using substantially 

different radii dimensions are shown in Fig. 7(a). All the other parameters are kept the same 

with the ones used in the design of Fig. 2. When the radii difference is increased, the 

transmission peak declines and the resonance wavelength slightly red-shifts. In addition, the 

resonance bandwidth becomes broader [47]. However, the linear transmission peak can be 

easily tuned back to unity and the resulted Fano resonance can be recovered, as shown in Fig. 

7(b), even in the extremely disordered and imperfect metasurface with dimensions 1 260R   

nm, 2 155R   nm, by properly adjusting the thickness of the glass substrate, which now 

becomes slightly larger 2.3d   μm compared to the 2.2d   μm value used in Fig. 2.  

 

The computed linear transmittance spectrum in Fig. 7(b) is not as sharp as that presented in Fig. 

2. However, the abrupt transitions in the calculated forward and backward nonreciprocal 

transmittances are still preserved when considering the nonlinear Kerr effect. The nonlinear 

forward FT  and backward BT  transmittances are plotted in Fig. 7(c) as functions of the input 

intensity in the case of the imperfect bifacial metasurface with dimensions 1 260R   nm, 

2 155R   nm, and 2.3d   μm. The wavelength is chosen to be 0 1545   nm in this case, 

which is very close to the nonreciprocal operation wavelength of the previous designs. Due to 



16 
 

the highly asymmetric enhanced electric field distributions, FT  and BT  can abruptly transit 

from low to high values at significantly different input intensities as shown in Fig. 7(c), similar 

to the nonreciprocal response of the ideal structure shown in Fig. 3. The thresholds for FT  and 

BT   are 92thFI   MW/cm2 and 44thBI   MW/cm2, respectively, in this case, which are 

slightly larger values compared to the input intensities used in the ideal design of Fig. 3. Large 

contrast between forward and backward transmittances is obtained for any input intensities 

between these thresholds. The maximum contrast occurs at 0 44I   MW/cm2, where 

0.08FT   and 0.82BT  . The main difference of the currently presented imperfect bifacial 

metasurface design (Fig. 7(c)) compared to the ideal design of Fig. 3 is that higher input 

intensities are required to trigger nonreciprocal transmission. However, the strong 

nonreciprocal response is still present. Hence, we can conclude that the proposed bifacial 

metasurface is robust against imperfections expected to be induced during the fabrication 

process. 

 

To mimic a more complex geometrical disorder in the metasurface geometry, Fig. 8(a) 

represents the schematic of a more complicated rectangular supercell design with a period of 

length 2a  and width a . The bottom Lorentz metasurface is kept the same to that used in Fig. 

1(b), since this metasurface is easier to be fabricated and, as a result, is expected to be less 

affected by geometrical imperfections [39,54]. The upper Fano metasurface is composed by 

two silicon spheres at the center with R1=210 nm, two half-spheres on the up and down edges 

with R4=215 nm, and four quarter-spheres at the corners with different and smaller size 

compared to R4, now equal to R2=205 nm. The thickness of the glass substrate is d=1985 nm. 
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It can be seen in Fig. 8(b) that this disordered and imperfect bifacial metasurface can also 

exhibit a Fano-like linear response, independent to the difference among the sphere radii that 

is possible to occur due to fabrication imperfections. The linear response is similar to the ideal 

metasurface response presented in Fig. 2. Interestingly, the nonlinear Kerr effect can also 

generate large nonreciprocal transmittance in this disordered metasurface when the wavelength 

is fixed to 0 1524.5   nm and the input intensity is in the range 2.4 MW/cm2 0I   3.5 

MW/cm2 with results shown in Fig. 8(c). The maximum nonreciprocal transmission contrast 

occurs at 0 3.5I   MW/cm2, where 0.88FT   and 0.07BT  . Hence, we can conclude that 

the proposed bifacial metasurface is also robust against potential geometrical disorder that can 

occur during the fabrication process, which is expected to induce different dimensions in 

adjacent nanoparticles. 

 

The aforementioned different geometrical deviation effects in the sphere radii are very similar 

to other structural disorders that can be possibly induced during the fabrication process, such 

as random periodicity and imperfect alignment [47]. Hence, it is proven by Fig. 7 and 8 that 

the linear and nonlinear responses of the proposed bifacial metasurface are robust against 

geometrical disorder and imperfections. The minor drawback caused by these imperfections is 

that nonreciprocity can now be achieved at a slightly shifted wavelength (frequency detuning) 

or for marginally increased input intensity values. Therefore, the strong self-induced 

nonreciprocal transmission is expected to be verified by potential experimental efforts based 

on the concept presented in this paper. 
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V. CONCLUSIONS 

To conclude, an all-dielectric low-loss nonlinear bifacial metasurface is proposed that is able 

to achieve passive and bias-free strong nonreciprocity in transmission. The presented realistic 

metasurface design is made of a Lorentz and Fano resonator embedded inside a glass substrate. 

The highly structural asymmetry of the proposed metasurface combined with the strong field 

enhancement at the resonance cause strong nonreciprocal transmission due to the enhanced 

nonlinear Kerr effect. The required input intensities to achieve this effect are relative low, on 

the order of few MW/cm2, an intriguing property that can lead to single- or few-photon 

quantum optical nonreciprocal devices [55]. To further improve the insertion loss, 

nonreciprocal intensity range, isolation ratio, and flatness of transmittance, two additional 

multilayer metasurface designs are proposed, where the tradeoff relation between insertion loss 

and nonreciprocal intensity range is relaxed and even outperformed. Finally, the scenario of 

two input waves simultaneously launched from opposite directions is studied. Large 

nonreciprocal transmission contrast is also dominant in this case but for a moderate range of 

input intensity values. The proposed ultrathin compact metasurface has a very low insertion 

loss, extremely flat nonreciprocal transmittance, and strong isolation over a broad 

nonreciprocal intensity range. It is proven that is robust to fabrication imperfections and 

consists an ideal design for free-space optics applications. Compared with the previously 

proposed self-induced nonreciprocal nonlinear devices [40-42], our proposed metasurfaces 

have realized all these desired features simultaneously in a fully passive scenario without the 

inclusion of active materials. Our work is expected to lead to several applications in the 

emerging field of compact unidirectional nanophotonic devices, such as all-optical diodes, 
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isolators, circulators, and ultrathin protective layers to decrease the damage of sensitive optical 

components. 
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Figures 

 

FIG. 1. (a) Proposed bifacial dielectric metasurface. (b) Schematic illustration of the 

nonreciprocal transmission operation. Inset: the unit cell of the composite metasurface. 

 

 

FIG. 2. Linear transmittance spectra of the top Fano metasurface (dotted black line), bottom 

Lorentz metasurface (dashed blue line), and the proposed bifacial metasurface (solid red line). 

Inset: the direction (blue arrows) and amplitude (color map) of the electric field on the silicon 

nanoparticles of the Fano metasurface at 1529   nm, where the transmittance is equal to 

zero.  
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FIG. 3. Nonlinear forward FT   and backward BT   transmittances at 0 1530    nm as 

functions of the input intensity. Inset: the electric field at 0 2.99I   MW/cm2 along the x-y 

plane, across the nanosphere centers of the Fano metasurface. 

 

 

FIG. 4. (a) Cascade unit cell design made of two bifacial metasurfaces in series. (b) Nonlinear 

forward FT  and backward BT  transmittances at 0 1530   nm as functions of the input 

intensity. 
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FIG. 5. (a) Alternative bifacial multilayer metasurface unit cell design, where two pairs of the 

Fano and Lorentz metasurfaces are subsequently stacked. (b) Nonlinear forward FT   and 

backward BT  transmittances at 0 1530   nm as functions of the input intensity. 

 

 

FIG. 6. (a) Single bifacial metasurface unit cell simultaneously illuminated by two input signals 

launched from opposite directions. (b) Nonlinear output power ratio computed at the bottom 

or top metasurface side when the input intensity from one direction is fixed to 2.3 MW/cm2 

while the intensity from the opposite direction varies. 

 



28 
 

 

 

FIG. 7. (a) Linear transmittance spectra of the bifacial metasurface based on silicon spheres 

with varying radii in the Fano metasurface. Inset: the unit cell of the proposed bifacial 

metasurface. (b) Linear transmittance of the bifacial metasurface with dimensions R1=260 nm, 

R2=155 nm, and d=2300 nm. The unity transmittance and large contrast are recovered 

compared to (a) by adjusting the thickness of the glass substrate leading to similar performance 

compared to the ideal metasurface design (Fig. 2). (c) Nonlinear forward FT  and backward 

BT   transmittances as functions of the input intensity in the case of the imperfect bifacial 

metasurface geometry with dimensions given in (b). The input wavelength is chosen to be 

0 1545   nm. 
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FIG. 8. (a) Schematic of a disordered metasurface supercell composed by two adjacent unit 

cells with R1=210 nm, R2=205 nm, R3=290 nm, R4=215 nm, and d=1985 nm. (b) Linear 

transmittance of the bifacial metasurface based on the supercell depicted in (a). The disordered 

metasurface also exhibits a Fano-like resonant response similar to the ideal design presented in 

Fig. 2. (c) Nonlinear forward FT  and backward BT  transmittances as function of the input 

intensity at 0 1524.5   nm for the disordered metasurface. 

 


