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An all-optical Fano-like diode featuring a nonlinear lateral elliptical micro-cavity and a reflecting column in the
photonic crystal waveguide is proposed. The asymmetric micro-cavity is constructed by removing one rod and changing
the shape of the lateral rod from a circle to an ellipse. A reflecting pillar is also introduced into the waveguide to construct
an F–P cavity with the elliptical defect and enhance the asymmetric transmission for the incident light wave transmitting
rightwards and leftwards, respectively. By designing the size of the ellipse and optimizing a reflecting rod at a suitable
position, a maximum forward light transmittance of −1.14 dB and a minimum backward transmittance of −57.66 dB are
achieved at the working wavelength of 1550.47 nm. The corresponding response time is about 10 ps when the intensity of
the pump light beam resonant at 637 nm is 3.97 W/µm2.

Keywords: photonic crystal, all-optical diode, Fano cavity, unidirectional transmission
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1. Introduction
All-optical devices have significant applications in the

fields of optical communication, quantum computing, etc. A
photonic crystal (PhC) is an artificial structure composed of
two or more materials with different dielectric constants ar-
ranged periodically in space.[1,2] In PhCs, it is well known
that the absence of transmission is mostly the consequence
of the presence of photonic band gaps [frequency ranges of
the forbidden (not allowed) modes].[3] The photonic band gap
can be applied to achieve near-perfect reflection[4,5] and so-
phisticated modulation[6,7] of light polarization. An impor-
tant feature of PhCs is photon localization. When the periodic
structure of the PhC is disrupted, a defect mode is stimulated
within the photonic band gap, causing photons at, particular
frequencies, to be localized within the defect region, while
photons with frequencies deviating from the defect mode will
be strongly scattered. Based on the photon localization prop-
erty of PhCs, various optical devices have been developed,
such as switches,[8–12] beam splitters,[13–15] diodes[16–28] and
logic gates.[29–32]

All-optical diodes (AODs) allow the light beam to propa-
gate along one direction, while the opposite directional trans-
mission is blocked. Many kinds of AODs have been achieved
through using magnetic-optical materials, optical nonlinear ef-
fects, chiral metamaterials, etc. In 1994, Scalora et al. pro-
posed a nonlinear PhC AOD.[16] For different incident direc-
tions, there is a pronounced contrast between the spatial elec-

tric field distributions near the bandgap edge since the bandgap
position varies with the medium’s refractive index and the
medium’s refractive index varies with light intensity. One-
way transmission can be achieved by using the band-gap edge
as the working wavelength and employing the bandgap’s dis-
placements for different incident directions. However, AODs
leveraging band gaps have limitations since PhCs only have
two top and bottom bandgap edges, restricting the working
wavelength to the bandgap edge and narrowing the AOD’s ap-
plicability. This led to researchers focusing more on AODs
composed of PhC defects. In 2014, Bulgakov et al. intro-
duced an AOD based on Kerr micro-cavity dipole modes in
an asymmetric L-shaped PhC waveguide, and a response time
of approximately 177 fs with 90% forward transmittance was
achieved.[17] In 2016, Liu et al. proposed a high-efficiency
AOD based on a PhC waveguide.[18] This AOD attained a re-
sponse time of around 50 ps with approximately 75% forward
transmittance. In 2017, Sato et al. presented a high-forward-
transmission AOD based on a cascaded side-coupled PhC L3-
type micro-cavity.[19] This AOD achieved a response time of
about 250 ps with a forward transmittance of 99.8% and a
reverse transmittance of −53 dB, thereby improving forward
and reverse transmission contrast, although it resulted in in-
creased response time.

Nonlinear PhCs are among the most promising struc-
tural types for designing AODs, due to their small size and
low power requirements. In this paper, we have designed a
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high-transmittance, short-response-time AOD based on a two-
dimensional (2D) square-lattice PhC structure. The structure
consists of a W1-type channel, an asymmetric point defect,
an elliptical side-coupling cavity and a reflection pillar. By
changing the intensity of the pump light, this structure con-
trols forward propagation and reverse cut-off of the signal light
within the PhC structure. It also reduces the response time to
a certain extent while maintaining high transmittance contrast
for forward and reverse propagation.

2. Structure design
In this paper, we designed a 2D square lattice PhC struc-

ture consisting of dielectric rods immersed in an air back-
ground, whose refractive index is set at 3.1 for the near-
infrared wavelength of around 1550 nm. The lattice constant
of the PhC a = 600 nm, and the radius of the pillars r = 0.2a.
We used the finite-difference time-domain (FDTD) method to
calculate the band structure diagram of the perfect PhC [in
Fig. 1(a)], the light transmission and spatial electric field dis-
tribution through the finite PhC structure. The TM-polarized
mode is selected as the incident light, whose electric field dis-
tribution is parallel to the central axis of the pillar. As shown in
Fig. 1(b), the photonic band gap of the afore-mentioned PhC
ranges from 0.312 a/λ to 0.437 a/λ . When one row of pillars
is removed along the Γ –X direction of the PhC [in Fig. 1(c)], a
W1-type waveguide is constructed, whose guiding band spans
the frequencies of 0.315 a/λ and 0.437 a/λ (1373.00 nm–
1904.76 nm), as shown in Fig. 1(d).
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Fig. 1. (a) Schematic geometry of the perfect PhC consisting of AlGaAs
pillars immersed in air with a radius of 0.20a. (b) TM-polarized band
structure of the PhC. (c) Schematic diagram of the W1-type PhC waveg-
uide. (d) Guiding band of the waveguide.

Based on the above waveguide, we constructed a simple
micro-cavity by removing a pillar and keeping its adjacent
one and two pillars unchanged on the left and right sides,

-6 -3 0 3 6 9 12

-4.0

-2.0

0

2.0

4.0

1450 1550 1650 1750
0

0.2

0.4

0.6

Wavelength (nm)

R=120 nm
R=140 nm
R=160 nm

R=210 nm
R=216 nm

R=228 nm
R=222 nm

-4.0

-2.0

0

2.0

4.0

1520 1540 1560 1580 1600
0

0.2

0.4

0.6

0.8

1.0

Wavelength (nm)

1548 1550 1552 1554
0

0.2

0.4

0.6

0.8

1.0

Wavelength (nm)

X=4.15 mm 
X=5.90 mm 
X=7.65 mm 
X=9.40 mm 

Y
 (
m
m

)
Y
 (
m
m

)

X (mm)

-6 -3 0 3 6 9 12
X (mm)

-4.0

-2.0

0

2.0

4.0

Y
 (
m
m

)

-6 -3 0 3 6 9 12
X (mm)

T
ra

n
sm

it
ta

n
c
e

T
ra

n
sm

it
ta

n
c
e

T
ra

n
sm

it
ta

n
c
e

(a) (b)

(c) (d)

(e) (f)

R

R

Fig. 2. Structure diagrams and corresponding transmission spectra.
(a) Asymmetric micro-cavity with different radius of the pillar circled
by the red line. (b) Transmission spectra through the PhC structure at dif-
ferent circular column sizes. (c) Asymmetric micro-cavity with a lateral
ellipse shown by the red line. (d) Transmission spectra corresponding to
different elliptical long-axis radii R1. (e) Schematic diagram of a micro-
cavity cascaded with a reflection pillar (red dot) in a W1-type waveguide.
(f) Transmission spectra corresponding to different positions of the reflec-
tor column X .

respectively, as shown in Fig. 2(a). The corresponding trans-
mission spectrum is shown by the black line in Fig. 2(b), where
a symmetric transmission peak appears at the wavelength of
1540.26 nm. In addition, two weak transmission peaks exist
at the wavelengths of 1472.42 nm and 1582.94 nm. Keeping
other structural parameters constant, we changed the radius of
the circular pillar (located below the removed column, as indi-
cated by the red curve in Fig. 2(a)) from 120 nm to 140 nm and
160 nm. The corresponding transmission spectra are shown
by the red and blue curves in Fig. 2(b), respectively. The
transmission peak moves to the longer wavelength as the pil-
lar’s size increases, shifting from 1540.26 nm to 1552.37 nm
and 1590.53 nm in the case where R is equal to 140 nm and
160 nm. The Q factors of the defective modes are all very
small, which is defined by Q = λres/λFWHM, where λres is the
resonant wavelength of the localized mode and λFWHM is the
full width at half maximum of the transmission peak. To en-
hance the Q factor of the defect mode, the shape of the pil-
lar mentioned above is changed from a circle to an ellipse, as
shown by the red curve in Fig. 2(c). As shown in Fig. 2(b), we
calculated the transmission spectra for different long-axis radii
R1, with the short-axis radius R2 fixed at 120 nm. The black,
red, blue, and green curves in the figure represent the long-axis
radii of R1 equal to 210 nm, 216 nm, 222 nm and 228 nm, re-
spectively. This shows that the light transmittance through the
elliptical micro-cavity structure is significantly enhanced com-
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pared to that of the circular micro-cavity structure. The Fano-
resonance between the localized defect mode and the guiding
mode of the waveguide also becomes much higher, character-
ized by the asymmetric transmission peak with higher trans-
mittance and Q factor. This shows that both the transmission
peak and valley shift with the alteration of the ellipse’s long
axis, and the relative location of the transmission peak and
valley can also be adjusted. Finally, we introduced a reflec-
tive column on the right side of the waveguide to enhance the
structural asymmetry for the realization of unidirectional light
propagation. The Fano cavity, which contains the nonlinear
Kerr medium, is asymmetrically coupled to the F–P cavity
(constructed by the micro-cavity and reflective pillar) in the
W1-type waveguide, as depicted in Fig. 2(e). Figure 2(f) ex-
hibits the transmission spectra in the case of various reflective
column positions, where the transmission peak is sensitive to
the alteration of the reflector location, and the transmission
valley (reflection peak) remains unchanged.

The AOD is based on the nonlinear Kerr effect that the
spatial electric field strength (E0) at the defect should be some-
what different when light is incident from different directions.
According to the formula ∆n = n2I = χ(3) |E0|2 /n0, where n2

is the Kerr coefficient associated with χ(3), χ(3) is the third-
order nonlinear coefficient, and I is the intensity of light,[34]

the difference in spatial electric field intensity would lead to a
difference in refractive index (∆n). This, in turn, would cause
the shift of the transmission peak along the long wavelength
direction to be inconsistent. This means that the wavelength
near the transmission peak could only pass in one direction,
thus achieving unidirectional propagation. In the above case,
it is known from formula n = n0 +∆n that when the intensity
of the pump light increases, the total refractive index of the
material (n) will increase, which means that the defect mode
will move in the long wavelength direction. Therefore, the
pump light intensity is not strong enough to excite the nonlin-
ear Kerr effect of the material when the working wavelength
is selected at the trough position, and the AOD maintains in
the cutoff state, with the peak of the transmission peak located
on the left side of the trough. As the defect mode moves, the
optical signal at the working wavelength can be switched from
the cutoff state to the propagation state. In order to improve
the forward transmission efficiency of the AOD, the transmis-
sion spectrum was calculated by adjusting the position of the
reflecting column along the horizontal axis (X-axis), and the
results are shown in Fig. 3. This shows that when the reflect-
ing pillar is located at X1 = 5.8 µm, the resonant transmis-
sion peak is located at the wavelength of 1548.73 nm, with
the highest transmittance of 0.99. The Q factor of this mode is
928, and the resonant transmission peak is located at the wave-
length of 1550.47 nm with the corresponding transmittance of
−57.66 dB. When the reflective pillar’s location is changed

to 5.9 µm, 6.0 µm and 6.1 µm, the corresponding resonant
peaks move to 1550.10 nm, 1550.59 nm and 1550.77 nm, with
the transmittance of 0.65, 0.11 and 0.87, and the Q factor of
7045, 3782 and 19384, respectively. It is found that both the
wavelength location and transmittance are sensitive to the al-
teration of the reflective pillar, while the transmission valley
remains unchanged. The transmission valley in the four cases
shown in Fig. 3 is at 1550.47 nm with the highest transmittance
value of −40.14 dB. Therefore, we select the wavelength of
1550.47 nm as the working wavelength.
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Fig. 3. Transmission spectra through the AOD for the reflecting rod
located at different positions. (a) X1 = 5.8 µm. (b) X2 = 5.9 µm.
(c) X3 = 6.0 µm. (d) X4 = 6.1 µm.

3. Result analysis
We chose the wavelength of the pump light beam to be

637 nm, which is significantly different from the signal light
beam of around 1550 nm and it is also in a higher direc-
tional band gap. This means that its main energy can be lo-
calized in the waveguide. We change the material of the el-
liptical column from a perfect dielectric to a nonlinear mate-
rial, AlGaAs, whose linear refractive index is n0 = 3.1, and
n2 = 2.1×10−12 cm2/W.[33,34] The spatial electric field’s am-
plitudes in the region of the elliptical defect are calculated at
the rightwards and leftwards incidences. The ratio of the field
amplitudes of the left and right generators reaches 17.86 when
X1 = 5.8 µm is pumped with an intensity of 3.97 W/µm2,
while the ratio of the field amplitudes is about 4.75 when
X2 = 5.9 µm is pumped with an intensity of 1.13 W/µm2. We
know that the intensity of light is proportional to the square of
the amplitude. The intensity of the pump light in the elliptical
microcavity is much higher when the pump light is incident to
the right side than when it is incident to the left side, showing
good unidirectionality. In Figs. 4 and 5, the red curves rep-
resent that the signal light and pump light are incident from
the left side simultaneously, while the blue curves correspond
to the signal light and pump light incident from the right side
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of the waveguide. The vertical blue dotted line indicates the
optimal incident intensity value, and the vertical orange dotted
line represents the location of the working wavelength. The
solid black line indicates the normalized power versus time of
the pump light, and the black arrows indicate the direction of
incidence of the signal and pump light.
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Fig. 4. Coordinate of the AOD for the reflective pillar located at X =
5.8 µm. (a) Forward and backward light transmittances influenced by
the pump light intensity at the working wavelength of λ = 1550.47 nm.
(b) Light transmission spectra in two opposite propagation directions at the
pump light intensity of 3.97 W/µm2. (c) Time response of the signal light
influenced by the alteration of the pump light intensity. (d) Transmission
contrast over time. (e) Spatial electric field amplitude distributions when
the signal light beam transmits leftwards and rightwards, respectively.

When the X-axis position of the AOD reflective pillar is
5.8 µm, we can see from Fig. 4(a) that transmittance for the
light beam traveling rightwards becomes higher with the in-
crease in pump light intensity and achieves a maximum value
of −1.14 dB. The lowest transmittance for the signal light in-
cident from the right side is −57.66 dB when the pump light
intensity is 3.92 W/µm2. When the pump light intensity in-
creases further, both the forward and backward transmittances
deviate slightly from optimal performance. This indicates that
the device can maintain its functionality over a wide range of
pump beam intensities. The light transmission curves are cal-
culated for the rightward and leftward incidence cases and the
results are shown in Fig. 4(b). Due to the large difference in the

light intensity around the nonlinear micro-cavity, the forward
transmission peak moves to the location of 1550.00 nm with a
transmittance value of 0.889. For the working wavelength of
1550.47 nm, its transmittance is 0.768. In the backward trans-
mission, the transmission peak is located at 1548.74 nm, and
the corresponding transmittance is 0.95, almost the same as
those without the pump beam. The time response of the signal
light beam influenced by the switch of the pump light beam
is also studied, and the result is shown in Fig. 4(c). When the
pump light of a certain intensity (3.97 W/µm2) is launched,
the signal light incident continuously from the left side of the
PhC structure is shifted during propagation in the microcavity
region due to the nonlinear material. It eventually propagates
to the right side in the waveguide and is detected by the moni-
tor at the right edge of the PhC structure. When the pump light
is turned off, the incident signal light propagating both to the
right and to the left is blocked, and the time required for the
signal light incident to the right to go from on to off is about
10 ps. The transmission contrast C of the all-optical diode is
calculated as C = (TForward−TBackward)/(TForward +TBackward).
As shown in Fig. 4(d), this all-optical diode has a high con-
trast of transmittance under optimal pump light incidence con-
ditions, proving its high efficiency. When the pump light in-
tensity reaches the optimal value, the spatial electric field’s
amplitude distribution of the signal light transmits rightwards
and leftwards, as shown in Fig. 4(e). It is evident that when
the light is incident from one direction, it propagates along the
W1-type waveguide and is blocked when the light is incident
from the other direction.

When the location of the reflective pillar changed to
5.9 µm, the light transmittance and time response influenced
by the pump light beam were also studied and the results are
shown in Fig. 5. It can be seen from Fig. 5(a) that the value
of light transmittance for both the light beam traveling right-
wards and leftwards becomes higher with the increase in pump
light intensity within the range of 0–1.2 W/µm2. The maxi-
mum value of the transmittance contrast ratio when the pump
light intensity is 1.13 W/µm2, where the forward light trans-
mittance reaches −2.04 dB and the backward transmittance is
only −40.14 dB. When the pump light intensity increases fur-
ther, the forward light transmittance decreases to a small extent
and the backward transmittance increases to a much greater
extent. Compared to Fig. 4(a), this AOD device works well
with a much lower requirement of pump light intensity. Fig-
ure 5(b) shows the calculated light transmission curves for the
rightward and leftward incidence cases. It shows that the for-
ward transmission peak moves to the location of 1550.47 nm
with a transmittance value of 0.62, the transmission valley
moves to 1550.94 nm with a transmittance of −40.14 dB.
For backward transmission, the transmission peak is located
at 1550.10 nm, and the corresponding transmittance is 0.65.
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Fig. 5. Coordinate of the AOD for the reflective pillar located at X =
5.9 µm. (a) Forward and backward light transmittance influenced by the
pump intensity at the working wavelength of λ = 1550.47 nm. (b) Light
transmission spectra in two opposite propagation directions at the pump
light intensity of 1.13 W/µm2. (c) Time response of the signal light in-
fluenced by the alteration of the pump light intensity. (d) Transmission
contrast over time. (e) Spatial electric field amplitude distributions when
the signal light beam transmits leftwards and rightwards, respectively.

The time response of the signal light beam influenced by the
pump light beam’s switch is depicted in Fig. 5(c), and it can
be inferred that the time required for the signal light beam
to reach a stable working status is approximately 50 ps. In
Fig. 5(d), the transmission contrast of the all-optical diode is
demonstrated under optimal pump light incidence conditions.
When the pump light intensity reaches the optimal value, the
spatial electric field’s amplitude distribution along two oppo-
site incident directions, as shown in Fig. 5(e). It is evident
that the light incident from the left can propagate along the
W1-type waveguide, while it is cut off for light incident from
the right side. Comparing the above two AOD structures, it
can be observed that although the structure with the reflective
pillar at the X-axis position of 5.8 µm requires higher pump
power than the one at 5.9 µm, it offers a higher forward trans-
mission transmittance, a lower reverse cut-off transmittance,
and a shorter response time. Therefore, we can choose the
PhC structure with the reflective pillar at the X-axis position of
5.8 µm to achieve superior performance, both in the transmit-

tance contrast and quick response time, but a stronger pump
light intensity is needed.

4. Conclusion
In summary, we have designed an AOD based on the non-

linear side-coupled elliptical defect and a reflective pillar in
the PhC waveguide. The reflective pillar is introduced to con-
struct an F–P cavity with the elliptical defect and to enhance
the asymmetric propagation for the signal light traveling right-
wards and leftwards, respectively. Through designing the el-
lipse’s size and optimizing the position of the reflective pil-
lar, an AOD device possessing the performance of a quick re-
sponse time of about 10 ps, a forward light transmittance of
−1.14 dB and a reverse cut-off transmittance of −57.66 dB
is achieved. Furthermore, our proposed device’s size is about
17.4 µm× 9.6 µm. With the advantages of small size, high-
transmittance-contrast ratio and short response time, our AOD
could be utilized for future all-optical integration.
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