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a b s t r a c t

The high-contr ast unidirectional light transpor t through the two-dimensional triangular-latti ce photonic 
crystal structures is numerically studied by the finite-difference time-domain method. Through utilizing 
the modal match and mismatch of the waveguides to the incident light beams, and adjusting the coupling 
region connecting the two waveguides with different symmetric guiding modes, the unidirectional light 
propagation for the fundamen tal even-symmetric light beam is achieved. And the unidirectional light 
beam propagations within two different wavel ength regions along the same and opposite directions 
are both obtained through the optimized hybrid-wavegui de structures. The influence of the air holes’ 
radius disorder existing inevitably in the actual fabrication process to the unidirectional light transport 
character of the proposed structures is also studied. 

� 2013 Elsevier B.V. All rights reserved. 
1. Introduction 

Photonic crystals (PCs) [1,2] are a novel class of optical media 
with very interesting characters and a large variety of applicati ons. 
A lot of devices based on PCs have been proposed , such as wave- 
guides, beam splitters, filters, and super prisms. Owing to the easy 
fabrication and convenient integration with other conventional de- 
vices, the two-dimens ional (2D) PC devices play the potential 
important functions in the future all-optical integrated circuits 
[3–6]. It is well known that the electrical diode plays an important 
role in electronic circuits owing to its capability of unidirectional 
movement of the current flux. An all-optical diode is a spatially 
nonreciproc al device that offers unidirecti onal propagat ion of light 
beams, which plays key roles in the all-optical integrated circuits. 

The efficient routines to breaking the reciproci ty or time-rever- 
sal symmetry and obtaining the unidirecti onal light propagation 
are based on magnetic-op tical effect [7,8], optical nonlinearity 
[9,10], opto-acoustic effect [11,12]. Wang et al . [13] designed a uni- 
directional on-chip optical diode in silicon based on the directional 
band gap difference of the near-infrar ed square-lattice PCs com- 
prising a heterojunct ion structure and the break of the spatial 
inversion symmetry. Feng et al . [14] obtained a one-way modal 
conversion effect through a two-mod e waveguide with a spatially 
varying but time-independ ent dielectric constant both numerically 
and experimental ly. Fan et al . [15] showed that the structure pro- 
posed in [14] cannot enable optical isolation because it possesses a
symmetric scattering matrix. And an optical isolator cannot be 
ll rights reserved. 
constructed by incorporating this structure into any linear and 
time-ind ependent system, which is described by materials with a
scalar dielectric function. In the past two years, a great deal of ef- 
forts has been dedicated to studying the unidirectional propaga- 
tion of the electromagnet ic waves in the linear and passive PCs 
[16–25]. Miller [22] showed that every linear optical component 
can be completely described as a device that converts one set of 
orthogon al input modes to a matching set of orthogon al output 
modes, so all the linear optical devices are mode converts. For 
the incident light beam with a particular modal symmetry, the uni- 
directional propagation through a linear devices can be obtained 
and the output light beam is converted to be different modal-sym- 
metric, which has potential applications in the complex integrated 
circuits. Wang et al . [23] demonstrat ed the optical isolation of 
infrared light in purely linear and passive silicon photonic struc- 
tures both theoretically and experimental ly, which is attributed 
to the informat ion dissipation due to off-plane and side-way scat- 
tering and selective modal conversion in the multiple-ch annel 
structure and has no conflict with the reciprocal principle. 

In this paper, we studied the unidirecti onal propagation charac- 
ters of the fundamenta l even-symmetr ic light beams through a hy- 
brid-waveg uide PC structure, where the two waveguides have 
different modal symmetries within the same wavelength region. 
Owing to the match and mismatch of the guiding modes’ symme- 
tries to the input fundamental even-symmetr ic light signals, and 
the mode conversion characters from one waveguide to another, 
it is obtained that the unidirectional high-contras t near-infrared 
light transport within two different wavelength regions along the 
same and opposite directions through optimizing the hybrid- 
waveguide structures. 

http://dx.doi.org/10.1016/j.optmat.2013.02.020
mailto:fengshuai75@163.com
http://dx.doi.org/10.1016/j.optmat.2013.02.020
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http://www.elsevier.com/locate/optmat


1200
1250
1300
1350
1400
1450
1500
1550
1600
1650
1700
1750
1800
1850
1900

W
av

el
en

gt
h 

(n
m

)

1200
1250
1300
1350
1400
1450
1500
1550
1600
1650
1700
1750
1800
1850
1900

W
av

el
en

gt
h 

(n
m

)

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

1200
1250
1300
1350
1400
1450
1500
1550
1600
1650
1700
1750
1800
1850
1900

W
av

el
en

gt
h 

(n
m

)

Wave Vector (π/a)

Wave Vector (π/a)

Wave Vector (π/a)

(a)

(b)

(c)

Fig. 1. Calculated even-mode guiding bands (shown by the solid dots), and odd- 
mode guiding bands (shown by the hollow dots) in three waveguides. The length of 
the PC’s lattice constant is 400 nm, the radius of the air rods is 140 nm, and the 
refractive index of the silicon background is 3.45. (a) The W1-typed waveguide 
along the U-K direction, (b) the W1-typed waveguide along the U–M direction, (c)
the U–M directional waveguide constructed by removing a row of air holes and 
reducing the radius of the air holes in the two adjacent rows from 140 nm to 80 nm. 
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2. Unidirectiona l light propaga tion through hybrid-waveg uide 
structures

Firstly, we consider a PC structure consisting of a triangula r lat- 
tice of air holes embedded in the silicon background, whose refrac- 
tive index is set to be 3.45 for the near-infrared light around 
1550 nm. In our simulation, the length of the PC’s lattice constant 
‘‘a’’ is defined to be 400 nm, and the radius of the air holes is set to 
be 140 nm. It is calculated that there exists a TE-polari zed photonic 
band gap between the wavelengths of 1216 nm and 1810 nm. 
Based on above PC, we constructed a waveguide by removing a
row of air hole along the U–K direction of the PC. The calculated 
guiding bands are shown in Fig. 1a by the solid dot lines for the 
even modes and the hollow dot lines for the odd modes. When 
the waveguide is constructed by removing a row of air holes along 
the U–M direction of the PC, the calculated results are shown in 
Fig. 1b, which indicates that the width of the even-mode guiding 
band centered around 1550 nm decreases apparent ly comparing 
to the W1-type d U–K directional waveguide. And the wavelength 
regions of the odd-mode guiding bands in above two waveguides 
are both contained by those of the even-mode guiding bands. 
Based on the W1-type d U–M directional waveguide, we reduced 
the radius of air holes in the nearest two rows from 140 nm to 
80 nm, whose sketch map is shown in Fig. 2a as the under wave- 
guide. The correspondi ng calculated guiding bands for this wave- 
guide is shown in Fig. 1c, where a more number of even-mode 
and odd-mode guiding bands appear within the band gap of the PC. 

Based on the two waveguides whose guiding bands are shown 
in Fig. 1a and c, we constructed a kind of hybrid-wavegu ide struc- 
ture shown in Fig. 2a. When a fundamenta l-mode light beam is 
incident from the left waveguide of the structure , the transmitted 
spectrum collected at the bottom of the under waveguide is shown 
by the solid line in Fig. 2b, while the reversed transmitted spec- 
trum propagating from the under waveguide to the left waveguide 
is shown by the dotted line. It is obvious that there is a unidirec- 
tional light propagat ion phenomeno n within the waveleng th re- 
gion existing from 1587 nm to 1660 nm, except that there is a
sharp transmission drop around 1652 nm. The correspondi ng 
transmission contrasts are more than 10,000 with a maximum 
about 500,000, which is defined as the ratio of maximum transmit- 
tance in one direction to the corresponding transmittan ce in the 
reverse direction. Based on the structure shown in Fig. 2a, we 
added an air hole at the corner of the two waveguides , whose 
sketch map is depicted in Fig. 2c, and the correspondi ng calculated 
transmission spectra are shown in Fig. 2d. Comparing to Fig. 2b, it 
can be seen that the sharp transmission drop around 1645 nm dis- 
appears, and another unidirectional propagating wavelength re- 
gion appears from 1408 nm to 1455 nm, where the transmission 
contrasts are more than 100 with a maximum about 280,000 at 
1440 nm. 

In order to have a visual sight of the propagat ion characterist ics 
of the light waves through the above structure, the spatial mag- 
netic field distributions of the upward and leftward fundamenta l- 
mode light beams at the wavelengths of 1600 nm and 1440 nm 
are calculated and the results are shown in Fig. 3. In Fig. 3a, the 
light wave resonant at 1600 nm cannot go upward through the un- 
der waveguide owing to even-mode band gap. When the light 
beam at the same wavelength is incident from the left waveguide, 
it is shown in Fig. 3b that the light beam can propagate through the 
left waveguide, and an odd-mode light beam is converte d in the 
waveguide below. Finally the light beam is released at the output 
port of the waveguide below. When the wavelength of the light 
beam is changed to be 1440 nm, Fig. 3c shows that the light beam 
launched at the bottom of the under waveguide can propagat e up- 
wards, but no light beam is converted into the left waveguide. 
Fig. 3d shows that the light beam resonant at 1440 nm can travel 
along the left waveguide, and is converted to an odd-mode light 
beam propagating downwa rds in the under waveguide. Comparing 
Fig. 3a with Fig. 3c, it is found that there is an apparent difference 
in the phenomena of preventin g light’s propagation from the under 
waveguide. The first is utilizing the even-mode band gap for the 
incident fundamenta l-mode light beam, while the second is 
through the no coupling of the light beam from one waveguide 
to another. 
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Fig. 2. (a) Sketch map of a 2D triangular-lattice PC structure consisting of two kinds of waveguides, (b) transmittances of a fundamental-mode light beam propagating 
through the structure shown in (a), which is incident from the left side (shown by the solid line) and under (shown by the dotted line) of the structure with a spatial beam 
width of 800 nm, (c) the same as (a) except that an air hole is added at the corner of the two waveguides, (d) the same as (b) except that is for the structure (c).
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Fig. 3. Spatial distributions of magnetic field through the structure shown in Fig. 2c at fundamental-mode normal incidence of the light sources with different wavelengths. 
The arrows point at the directions of light propagation through the structure. (a) 1600 nm at upward incidence, (b) 1600 nm at rightward incidence, (c) 1440 nm at upward 
incidence, (d) 1440 nm at rightward incidence. White and black regions represent the positive and negative values of the magnetic field, respectively. 
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In above hybrid-wavegu ide structures, the forward light propa- 
gation direction is vertical to the backward light transport direc- 
tion. Based on one of above waveguides, we designed another 
kind of unidirectional propagat ion device whose sketch map is 
shown in Fig. 4a. The banding structure of the left W1-typed U–
M directional waveguide is shown in Fig. 1b, while that of the right 
waveguide shown in Fig. 4a is described in Fig. 1c. Comparing 
Fig. 1b with Fig. 1c, we can see that the wavelengths between 
1581 nm and 1660 nm are within the even-symmetri c guiding 
band shown in Fig. 1b, while they are also within the odd-symmet- 
ric guiding band shown in Fig. 1c. For the waveleng ths between 
1262 nm and 1290 nm, the situations are just opposite. The con- 
necting region between above two waveguides is designed by 
interlacing one air hole with different radius, which can attribute 
to the modal conversion of the incident light beam from one wave- 
guide to the other. Fig. 4c shows the light transmittan ces through 
the hybrid-wavegu ide structure at the normal incidence from the 
left (shown by the dotted line) and right (shown by the solid line)
sides of the structure shown in Fig. 4a. It is shown that two unidi- 
rectional propagation waveleng th regions exist. The maxima of the 
transmission contrasts in above two waveleng th regions are both 
more than 100,000. There also exist two sharp transmission drops 
centred at the wavelengths of 1286 nm and 1621 nm within above 
two wavelength regions, respectively. To diminish these two sharp 
transmission drops, we optimized the structure by interlacing two 
air holes with different radius in the coupling region, whose sketch 
map is shown in Fig. 4b. Fig. 4d shows that corresponding calcu- 
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Fig. 4. Sketch maps of the unidirectional-propagating hybrid-waveguide structures cons
transmittances (c) and (d) through the structures (a) and (b) from a fundamental-mode li
(shown by the solid line) sides of the waveguide, respectively. 
lated transmittances through the optimized structure, where the 
two sharp drops disappear apparently. The spatial magnetic field
distribut ions of the leftward and rightward light beam resonant 
at the wavelengths of 1600 nm and 1290 nm through above struc- 
ture are calculated and the results are shown in Fig. 5. In Fig. 5a,
the fundamenta l-mode light beam incident from the left side and 
resonant at 1600 nm goes straight in the left waveguide, and it is 
transformed into an odd-mod e light beam in the right waveguide. 
When the same light beam is incident from the right side of the 
structure , Fig. 5b shows that no light energy can reach the left 
waveguide owing to the even-mode guiding band gap of the right 
waveguide structure. When the incident light’s waveleng th is 
changed from 1600 nm to 1290 nm, the propagating characters 
are just opposite, as is shown in Fig. 5c and d. 

Consideri ng the structure disorders existing inevitably in the 
actual fabricatio n process, we calculated the influence of air holes’ 
radius disorder on the unidirectional light propagat ion characteris- 
tics. A random function is introduced to describe the holes’ size, 
and the calculated results show that the unidirecti onal propaga- 
tion characters of above structures are very sensitive to the varia- 
tion of the air hole’s radius. To ensure the apparent unidirecti onal 
propagat ion characteristics, the structure shown in Fig. 3c can tol- 
erate a maximum deviation from the original values of 10% degree, 
while that in Fig. 4b can only tolerate a maximum of 5% degree. 
These simulated results provide good suggestions to the actual fab- 
rication and utilization of unidirectional propagating devices in the 
all-optica l integrated circuits. 
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Fig. 5. Spatial distributions of magnetic fields at the wavelengths of 1600 nm and 1290 nm through the structure shown in Fig. 4b at normal incidence of fundamental-mode 
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at rightward incidence, (d) 1290 nm at leftward incidence. White and black regions represent the positive and negative values of the magnetic field, respectively. 
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3. Summary 

In conclusion, the unidirectional fundamenta l-mode light 
propagation through the 2D triangula r-lattice hybrid-wavegu ide 
PC structures is studied in this paper. Based on the modal match 
and mismatch of the waveguides to the incident light beams, 
and the light beam’s mode conversion at the connecting region 
of two waveguides with different modes’ symmetries, the unidi- 
rectional light propagation for the foundational-m ode light 
beams is achieved, and the output light beam is second-higher 
odd symmetric owing to the modal conversion in the coupling 
region between two waveguides. And the influence of the air 
holes’ radius disorder to the structure’s unidirectional light 
propagat ion is also studied. We know that there is a growing 
interest utilizing multiple spatial modes in optical systems to in- 
crease informat ion processin g capacity, including the fields of 
the fiber optic communications and on-chip optical integrati on. 
And this kind of unidirecti onal propagation device can control 
the light propagation within the waveguides. So it is more suit- 
able to connect with other optical devices and has potential 
important applications in the complex all-optical integrated 
circuits.
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