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Ultrahigh-contrast-ratio silicon Fano diode
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We report a distinguished mechanism of using two interaction-free (uncoupled) cavities to realize an all-optical
silicon diode with an extremely high contrast ratio. In contrast to existing examples of all-optical diodes, our
unidirectional transmission results from mimicking Fano resonance in a compact and finite silicon waveguide.
A Fano spectrum with an arbitrary asymmetric factor, resonant center, and linewidth is explicitly designed with
two symmetric resonances, which can be separately realized and tuned in an insightful manner by two cascaded
uncoupled cavities. The field localizations are inherently asymmetric. We show that if these double asymmetries
(Fano spectrum and field localization) are integrated and controlled, an ultrahigh-contrast-ratio silicon Fano diode
is accomplished. This finding provides a promising avenue for achieving an extremely compact optical switch
and incorporating Fano resonance in silicon photonics.
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The optical diode (OD), which allows light to propagate
along one direction only (e.g., from right to left; “RL”)
and blocks the transmission for the other direction (from
left to right; “LR”), has attracted much attention for its
important roles in optical systems. Up to now, many different
mechanisms and methods to achieve ODs have been proposed,
such as using metamaterials [1,2], tunable liquid crystals [3],
nonreciprocal loss [4], Mach-Zehnder interferometers [5],
cascaded gratings [6], nonlinear harmonic generation [7],
indirect interband photonic transitions [8], and ferromagnetic
structures [9–14]. The all-optical diode (AOD) is still being
investigated for its advantages in all-optical operation, short
relaxing time, and compactness. One can use multilayer
structures with gradually changed refractive index distribu-
tion [15,16], quasiperiodic one-dimensional (1D) photonic
crystals [17–20], nonlinear cavities with different confinement
strengths along the left and right sides [21,22], or two coupled
nonlinear cavities [23,24].

In spite of the merits of AOD structures, the transmission
contrast C is usually low. Here the transmission contrast ratio
C(Ii) = IRL/ILR is the ratio of the transmission intensities for
LR and RL operations at the same incident level of Ii . This
low C is inherently determined by the Lorentzian spectrum
shape of the AOD structure, as illustrated in Fig. 1(a), which
is widely adopted in the investigation of AODs. One may
argue that it is possible to make the transmission of one
direction nearly zero, resulting in an infinite C. However, under
such circumstance, the transmission along the other direction
usually becomes very small too, which in turn restricts realistic
application. To overcome this intrinsic problem, we propose
a distinguished schematic for AODs based on manipulating
Fano-shaped transmission spectra [25–27] which simultane-
ously demonstrates a contrast ratio of C ∼ ∞ in principle
and high unidirectional transmission. This high contrast ratio
is mainly due to TLR(ωi) located at the zero point of the
Fano-resonant line shape. More importantly, a rather high
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transmission TRL along the RL direction is maintained at
this frequency (more than 0.7), and the nonlinear shift of the
spectrum is much smaller compared to those of Lorentzian
AODs.

Fano resonance, which is characterized by an asymmetric
line shape, is a universal phenomenon throughout physics [25].
In photonics, Fano resonances have been widely investigated
in nano plasmonic structures [27–33] and dielectric or semi-
conductor systems [26,34], such as photonic crystals (PCs)
[35–37], slabs [38,39], photoemitters [40], indirect coupling
cavities [41], and coupled cavity systems [42–44].

Hence, our Brief Report exploits the principle of Fano
resonance to manipulate the Fano factor, resonant center, and
linewidth [45] in a finite silicon waveguide in order to solve
the aforementioned problem of the AOD. In this case, we
decompose and redesign the silicon waveguide to achieve the
desired Fano resonance using “multiplication interpretation”
and find that a Fano line with desired parameters can be easily
tailored in a very compact way. Our designs also demonstrate
that the field localization is inherently asymmetrical when the
same signal is fed from opposite directions. The cooperation of
these two asymmetries (Fano spectrum and field localization)
provides an extremely efficient mechanism for unidirectional
transmission or all-optical diode (AOD) operation. A transmis-
sion contrast ratio tending to infinity is predicted and verified.
Note that the state-of-the-art AODs based on Lorentzian lines
can achieve the contrast ratio C on the order of 10 (e.g., 20 in
Ref. [18], 4.2 in Ref. [19], 3 in Ref. [21], 30 in Ref. [22], and 10
in Ref. [23]). Therefore, our design mechanism based on Fano
lines demonstrates significant improvement of the contrast
ratio.

Fano transmission spectrum T (ω) can be characterized

T (ω) = T0
(ε + f )2

ε2 + 1
with ε = 2(ω − ω0)

�
. (1)

Here ω, ω0, and � are the signal frequency, resonance center,
and resonance linewidth, respectively. f is the Fano factor that
determines the degree of asymmetry. We show that a standard
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FIG. 1. (Color online) Principle illustration of the high-
transmission-contrast-ratio silicon Fano diode (SFD). ωi is the
operation frequency. Solid, dash-dotted, and dashed lines show the
transmission spectra of linear case, nonlinear left to right (LR),
and nonlinear right to left (RL) operations, respectively. (a) For a
Lorentzian-shaped spectrum. (b) For a Fano-shaped spectrum.

Fano line can be decomposed into the product of a Lorentzian
line and a parabolic line

T (ω) = T1T2 = (�/2)2

(�/2)2 + (ω − ω0)2

[
ω − (ω0 − f �/2)

�/2

]2

.

(2)

The term T1 is a standard symmetrical Lorentzian line centered
at ω10 = ω0 with a linewidth of �. The term T2 is a parabolic
line with a symmetrical center of ω20 = ω0 − f �/2 with a
linewidth of � [which is the frequency separation between ωa

and ωb from T2(ωa,b) = 1].
In Fig. 2, we plot T1, T2, and T for f = 0, 1, −1, and 3 in

(a), (b), (c), and (d), respectively. In the frequency ranges
where T1 and T2 both are increasing (decreasing) with ω,
a rapid increase (decrease) in the spectrum is formed. In
other ranges, however, T1 and T2 change conversely (one
is increasing and the other is decreasing), which results in
relatively slow changes in the spectrum. Finally, a Fano line
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FIG. 2. (Color online) Decomposition of a Fano line T (solid) into
two symmetrical ones of T1 (dashed) and T2 (dash dotted) according
to Eq. (2). (a) f = 0. (b) f = 1. (c) f = −1. (d) f = 3.

with the character of asymmetry is formed. On the other hand,
when two elements with response functions of T1 and T2

are designed separately and then cascaded together according
to Eq. (2), a Fano-shaped line will be obtained. This is the
most fundamental physics for the design of the proposed Fano
diode.

In Eq. (2), the parameters of T1 and T2, such as the central
frequencies and the linewidths, appear to be dependent on each
other. Nevertheless, these parameters can be independent of
each other in general. Based on this point, Eq. (2) is extended
to the form of

T = T1T2 = (�1/2)2

(�1/2)2 + (ω − ω10)2

[
ω − ω20

�2/2

]2

=
(

�1

�2

)2
(
ω − ω10 + ω10−ω20

�1/2
�1
2

)2

(�1/2)2 + (ω − ω10)2
= T 2

0
(ε + f )2

1 + ε2
. (3)

Here f = 2(ω10 − ω20)/�, T0 = �1/�2, and ε = 2(ω −
ω10)/�1. ω10 (ω20) and �1 (�2) are the central frequencies
and linewidths of T1 (T2), respectively. Equation (3) shows
that the product of T1 and T2 with independent parameters can
also produce a standard Fano line. One advantage of Eq. (3)
is that the Fano line is expressed in a very clear and straight
form, which makes the design of a high-contrast Fano diode
flexible. For example, when the linewidths of T1 and T2 are
determined, the Fano line can be tuned by resonant centers of
ω10 and ω20.

We know that T1 can be exactly realized by using the
element shown in Fig. 3(a), which is a waveguide inline
coupled with a cavity [46,47]. Figure 3(b) shows a waveguide
side coupled with a cavity, and its transmission spectrum is

T2 = (ω − ω20)2

(�2/2)2 + (ω − ω20)2
≈ (ω − ω20)2

(�2/2)2
. (4)

The approximate equality is satisfied in the vicinity of the
resonant center of |ω − ω20| less than �2. Equation (4) shows
that T2 can be approximately realized using the side-coupled
cavity-waveguide structure shown in Fig. 3(b).

ω10,Γ1

(a)

a1

b1

a2

b2

ω20,Γ2

(b)

a3

b3
a4

b4

In
T

C1
C2

d

a
2r

Substrate
Silicon rods

(c)

x

zy

FIG. 3. (Color online) (a), (b) Schematic elements of a waveguide
inline coupled (a) and side coupled (b) with a cavity to generate the
response functions of T1 and T2, respectively. (c) Realization of (a)
cascaded with (b) in a finite silicon photonic system. na = 3.48,
nb = 1.0, r = 0.2a with a the lattice constant. The radius of the rod
in Ci is ri (i = 1,2), and the distances between C1 and C2 is d .
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According to the transfer matrix method [48], the right-
going wave ai and left-going wave bi [as shown in Figs. 3(a)
and 3(b)] of the system can be related by transfer matrices,(

a4

b4

)
= M2MφM1

(
a1

b1

)
= M

(
a1

b1

)
. (5)

Here M1, M2, and Mφ are the transfer matrix of the first
element, the second element, and the free waveguide length d.
They are expressed respectively as

M1 =
(

1 − i�1
ω−ω10

−i�1
ω−ω10

i�1
ω−ω10

1 + i�1
ω−ω10

)
, (6)

Mφ =
(

exp(iφ) 0

0 exp(−iφ)

)
, (7)

M2 =
(

1 − ω−ω20
i�2

ω−ω20
−i�2

ω−ω20
i�2

1 + ω−ω20
i�2

)
. (8)

Here φ = βdeff is the phase shift when the signal propagates
from C1 to C2. β is the mode propagation constant, and deff is
the effective distance between C1 and C2.

At the case of φ = (m + 0.5)π (m an integer), the transmis-
sion spectra of T (C1) (only when C1 exists; thin solid line),
T (C2) (only when C2 exists; thin dashed line), T (C1)T (C2)
(thick solid line), and T (C1,C2,φ) (thick dashed line) are
shown in Fig. 4(a). Due to the interaction between the two
cavities, T (C1)T (C2) (thick solid line) is much different
from the transmission spectrum of the cascaded structure
T (C1,C2,φ). At the case of φ = mπ shown in Fig. 4(b),
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FIG. 4. (Color online) Transmission spectra of the elements
shown in Figs. 3(a) and 3(b). T (C1) (thin solid line), T (C2) (thin
dashed line), and T (C1,C2,φ) (thick dashed line) show the spectrum
of C1, C2, and cascaded C1 with C2, respectively. Thick solid line
shows the product of T (C1)T (C2). (a) φ = (m + 0.5)π with m an
integer. (b) φ = mπ . At this case, T (C1,C2,φ) ≈ T (C1)T (C2) can
be obtained, which is the physical realization of Eq. (3).
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FIG. 5. (Color online) Transmission spectrum of the system
shown in Fig. 3(c). The square markers are numerical results and
the blue lines are fitted lines. Left (right) column, r1 = 0.504r

(r1 = 0.503r), r2 = 0.505r , and d = 7a. (a), (d) Lorentzian lines
of T1 when only C1 is involved. (b), (e) Approximated parabolic lines
of T2(ω) when only C2 are involved. (c), (f) Composed Fano lines of
T = T1T2 when C1 and C2 are cascaded. The Fano factors of (c) and
(f) are f = −2 and f = 0.65, respectively.

however, one can observe that T (C1)T (C2) (thick solid line)
agrees well with T (C1,C2,φ) (thick dashed line). In this case,
the response functions of C1 and C2 behave the same as
they exist individually alone (i.e., interaction-free cascading),
and the interaction between them seems vanishing. However,
this decoupling mechanism is different from that reported
in Ref. [49]. This result shows that Eq. (3), i.e., a standard
Fano line, can be physically interpreted as the cascade of
two resonators shown in Figs. 3(a) and 3(b) with a properly
designed separation d.

Here, we use a finite photonic crystal (PC) structure shown
in Fig. 3(c) as a numerical example. The square lattice PC is
formed by silicon rods (na = 3.48) in air (nb = 1.0). Using
the finite difference in time domain (FDTD) method, we
simulate the transmission spectrum of the system at the case
of d = 7a, and the results are shown in Fig. 5. For the left
column, r1 = 0.504r and r2 = 0.505r are selected. When C1
and C2 are introduced individually, the transmission spectra
are shown in Figs. 5(a) and 5(b), respectively. Fitted curves are
shown also for comparison with parameters (normalized by
2πc/a) of ω10 = 0.33254, �1 = 4.4 × 10−4, ω20 = 0.33301,
and �2 = 5.2 × 10−4. When C1 and C2 are introduced
simultaneously, the transmission spectrum is shown in (c),
which agrees well with a Fano line with parameters of f = −2
and � = 4.4 × 10−4. According to Eq. (3), the Fano factor
is f = 2(ω10 − ω20)/�1 ≈ −2.1, which agrees well with the
curve-fitting parameter of f = −2. When r1 is tuned from
0.504r to 0.503r , the results are shown on the right column of
Fig. 5. The Fano factor in Fig. 5(f) changes from f = −2.0 to
f = 0.65.

Apart from the asymmetrical spectrum, the field localiza-
tion is also asymmetrical inherently for the left-going and
right-going waves. For example, when the signal with a
frequency ω20 is launched from right side, it will be reflected
completely by C2. Then the field localization in C1 is zero.
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FIG. 6. (Color online) (a) Left scale: Transmission intensity I

(normalized by the Kerr nonlinearity coefficient of n2) for the
LR (dash-dotted line, red online), and RL (solid line, red online)
operations. ωi = 0.352(2πc/a), and t0 = 2π/ωi is the period of
the signal. The transmission contrast ratio (line with squares, blue
online) of C = ILR/IRL is shown toward the right scale. (b) and (c)
respectively show the field patterns of Ez for the LR and RL operations
at the points denoted by B and C in (a).

When the same signal is fed from the left side, however, the
localization in C1 is not zero. When these two asymmetries
(both spectrum and field localization) are combined together,
an all-optical diode (AOD) with a contrast ratio tending to ∞
can be achieved in such a finite structure, based on uncoupled
cavities.

The proposed SFD structure is shown in Figs. 6(b) and
6(c), which is similar to Fig. 3(c) except for the radius and
refractive index of the cavity rods. The refractive index of
the cavities are n = n0 + n2I . Here n0 = 1.59, n2, and I are
the linear refractive index, Kerr nonlinear coefficient, and the
local light intensity inside the Kerr medium, respectively. We
set r1 = 0.22a, r2 = 0.223a, d = 6a, and ωi = 0.352(2πc/a).
The incident Iin and transmitted intensities of LR (ILR) and RL
(IRL) transmissions are all normalized by the Kerr nonlinear
parameter of n2, for the convenience in comparison.

Figure 6(a) shows the intensity profiles of the proposed SFD
(in a finite size) for LR and RL operations. High contrast ratio
C can be observed obviously. One can find that TLR, TRL, and
C are sensitively dependent on the incident level, which is a
common feature for all nonlinear structures. One can optimize
the structure easily when the incident frequency and incident
intensity are given. At four different incident intensities of
n2Iin = [0.50,0.51,0.53,0.55] × 10−4, the LR transmissions
are all greatly blocked, and the transmission intensities respec-
tively are n2ILR = [3.37,2.13,0.96,0.76] × 10−7. On the con-
trary, the transmission intensities of the RL operation are rather
large, which are n2IRL = [0.333,0.348,0.363,0.379] × 10−4.
At these cases, the transmission contrast ratios of C = IRL/ILR

are C = [98,163,380,500], respectively, as shown by the line
with squares (the right y scale). For the very recent AODs
based on Lorentzian lines, the values of C are on the order of
10 [18,19,21–23], but we can easily achieve the contrast ratio
of C = 500, and it is believed to be even higher if we consider
a larger structure size and/or implement the optimization
of chosen parameters and fine meshing. At C = 500, the
transmission coefficients are TRL = 70% and TLR = 0.14%.
Figures 6(b) and 6(c) show field patterns at the states of B and
C denoted in Fig. 6(a).

In summary, the state-of-the-art contrast performance of
AODs (Lorentzian resonance) has been well beaten and
surpassed by our distinct design mechanism of the SFD,
tailoring Fano resonance in a finite silicon waveguide. Using
this method, the silicon Fano diode (SFD) is designed,
tuned, and realized by a cascaded inline-coupled cavity
and a side-coupled cavity with proper separation. The new
mechanism is independent of coupling between cavities, hence
empowering tunable and reliable manipulation of directional
signal transmission. The proposed SFD shows a contrast ratio
tending to infinity in principle while maintaining a reasonably
high unidirectional transmission. A specific example verifies
that a transmission contrast ratio of larger than 500 : 1 can be
achieved easily, which is at least one order higher than the
state-of-the-art AOD.
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