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Abstract Based on the plane-wave expansion method, we
calculate TE/TM gaps of 2-D photonic crystals (PCs) with
typical square lattices composed of the silicon rods in air.
Using the finite-difference time-domain method, we simu-
late the electromagnetic field distribution of THz waves in
photonic crystals T-splitters. By the improved T-splitter with
a rod in the junction, we achieved the amplitude—frequency
characteristics of a pass band of 84% from 1.12 to 1.22 THz
and surpassed by 76% the amplitude consistency of com-
mon T-splitters. And using the finite-difference time-domain
method, we demonstrated that the improved T-splitter excels
a common T-splitter in the degree of separation between the
two output ports. These results provide a useful guide and
a theoretical basis for the developments of THz functional
components.

PACS 42.79.Gn - 41.20.Jb - 42.70.Qs

1 Introduction

Terahertz (THz) radiation is a part of the electromagnetic
spectrum. THz frequencies cannot clearly be classified to be
either on the electronic side or on the optics side, commonly
referred to as the “terahertz gap” (0.1-10 THz, A = 3 mm to
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30 um). The THz frequency radiation has been proved as a
fertile region in the electromagnetic spectrum and a power-
ful tool in scientific research and many applications [1, 2].
Although enormous efforts have been focused on the search
for “terahertz” materials or alternative novel techniques to
enable the construction of device components, much work
remains. THz waves have significant transmission loss in the
atmosphere [2] so waveguide-based terahertz devices have
become an important foundation for the THz transmission
as well as the bottle-neck for its practical applications.
Over the past few years the parallel plate waveguide
(PPWG) has received much attention for its use at THz
frequencies. While many groups have demonstrated var-
ious waveguides for THz applications, most of the re-
cent work has focused on THz photonic band gap (PBG)
structures [3-9]. Photonic crystals have inspired great in-
terest recently because of their potential ability to control
the propagation of waves. They can modify and even elim-
inate the density of electromagnetic states inside the crys-
tal [10-13]. Such periodic dielectric structures with com-
plete band gaps can find many applications, including the
fabrication of lossless dielectric mirrors and resonant cav-
ities for optical light [10]. A subset of the THz PBG re-
search has included the integration of these structures into
waveguides resulting in a plastic photonic fiber [3], and a
dielectric waveguide grating [4]. Another useful waveguide
device is a splitter, which divides the power in the input
wave guide equally between two output waveguides [10].
Like the bend waveguide, the photonic band gap eliminates
radiation loss and we only need to deal with the possibility
of reflection. Unlike the bend waveguide, it turns out that we
cannot eliminate reflections by the symmetry argument and
must do something counterintuitive. We need to obstruct the
output waveguides in order to increase transmission [10]. In
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this letter, we demonstrate an improved method for guiding
wave around T-splitter using photonic crystal waveguides.

2 Simulation and discussion

2.1 Band gap characteristics of 2-D THz PCs
with square lattices

For simplicity, we choose to study a 2-D photonic crystal
of long dielectric rods in air on a square array with lat-
tice constant of a. Their 2D photonic crystals composed
of long dielectric rods in air can be realized in a practi-
cable form by incorporating the same lattice pattern in the
thin space between the two metal plates of a parallel-plate
waveguide, as discussed and demonstrated in [6-9]. Accord-
ing to Grischkowsky’s work [14], Silicon (Si) with the in-
dex of refraction (n) of 3.4176 is excellent for THz trans-
mission due to its nondispersive nature and low absorption
in THz region. So here we choose Si rods for simulation.
Figure 1 shows the schematics of 2-D PC structures with
typical square lattices and the circles represent the Si rods.
We choose the lattice constant a to be 100 um. Since it re-
mains unchanged under rescaling [10] for a PBG material,
we can easily assure that the guided light will be in the in-
frared or visible region. For example, if we choose the lattice
constant a of 0.58 um, the wavelength corresponding to the
mid-gap frequency will be 1.55 um.

Based on the plane wave expansion method [15], the
band-gap dependence on the rod radius (R) has been calcu-
lated, for both the TE (electric field polarized along the axes
of the dielectric columns) and TM (polarized perpendicular
to the columns) PBGs in the 2-D lattice structures as shown
in Fig. 1. The calculated results are shown in Fig. 2, in which
it illustrates the relationship between TE/TM band gap and
R. As we can seen there are no complete PBGs in our calcu-
lation based on the above 2-D PC structure. It is reasonable
as for its high spatial symmetry of the structure, which will
lead to the degeneracy of photonic bands. This result is also
consistent with the former report [10]. So under this condi-
tion, no matter how R is varied, no complete PBGs appear.
Obviously the TM gaps are very sparse, which is because
the isolated patches of low-¢ regions, such as Si rods in our
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Fig. 2 Gap maps for square lattices composed of the Si rods in air
background
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Fig. 3 TE/TM band structure for the square lattice with the arrayed Si
rods with R = 18 um in air background

structure, would lead to the TE gaps and the connectivity
of low dielectric constant regions is conductive to the TM
gaps [10].

Since the TE gaps are found relatively wider with R var-
ied from 14 to 22 um in Fig. 2, we thus calculate the TE
band-gap structure for the square PCs with R = 18 um. The
calculated results are shown in Fig. 3. As can be seen two TE
band gaps namely I and II exist in two different frequency
regions. Gap I is wider with a frequency range from 0.91 to
1.33 THz, while gap II is much narrower with a frequency
range from 2.23 to 2.28 THz.

2.2 Electromagnetic field distribution and guided modes
in 2-D THz PCs T-splitters

Figure 4 shows four different T-splitter configurations:
(a) shows the common T-splitter called TO, (b) shows the
T-splitter that has one rod in junction called T1, (c) shows
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Fig. 4 The electric field pattern
in the vicinity of the T-splitter
for frequency 1.059 THz. The
TE electric field is polarized
along the axis of the dielectric
columns. Electric field
distribution of TE wave in

(a) TO, (b) T1, (c) T2, and

(d) T3 waveguide. The circles
represent the Si rods arrayed in
air with » = 18 um

Input Port

the T-splitter that has four rods in junction called T2,
and (d) shows the T-splitter that has nine rods in junction
called T3. The field pattern of the propagating mode can
be observed by a continuous wave (CW) excitation of the
guided mode. According to the previous results [11], we
set the CW excitation frequency to 1.059 THz, and the cor-
responding electric field distribution pattern was simulated
and shown in Fig. 4. As it can be clearly seen, the mode is
completely confined inside the guides, and the wave trav-
els smoothly around the sharp bend even though the radius
of curvature of the bend is on the order of the wavelength
[10-13].

In order to monitor the field amplitude that travels af-
ter T-splitter, we set a monitor point after the T-splitters at
the position of (—400, 0, 0), labeled as point A in Fig. 4.
The coordinates of (—400, 0, 0) is selected due to the fol-
lowing reasons. In principle, the position selected to mon-
itor the signal after T-splitter should be as close as pos-
sible to T-splitter for enough of the signal amplitude. At
the same time, the monitor position should be in a region
with consistent structure for signal transmission. Thus from
these two aspects, (—400, 0, 0) is appropriate to be set as the
signal monitor position. We study the transmission proper-
ties of waveguide splitters using a vector finite-difference
time-domain program with quartic perfectly matched layer
boundaries [15]. In our simulation, a dipole located at the
entrance of the waveguide creates a pulse with a Gaussian
envelope in time and the pulse time be set to lambda, when
a Fourier transform is performed, the bandwidth is increased

ort

1000 A
Monitor Type:FieId2
_ / . Location:(-400,0,0)
5 800 /
; —=—T0
s
= —o—T1
E a2
2 600
> —v—T3
s
g 400
=
200
V— -~ -
0 T T T T T T T T T T T T 1 T T T !
08 09 1.0 11 1.2 1.3 1.4 1.5 1.6

Frequency (THz)

Fig. 5 The field amplitude is monitored inside the T-splitters
waveguides

in the frequency domain if the pulse is narrowed in the time
domain. Thus, by reducing this parameter, we increase the
width of the spectral response that we can obtain in the fre-
quency domain. Figure 5 shows the frequency dependence
of field amplitude, which is monitored inside the T-splitters
guides at point A. As it can be seen, four curves have simi-
lar features: field amplitude increases sharply at 0.843 THz
and decreases quickly at 1.50 THz. The amplitude reaches
its highest point near the frequency 1.12 and 1.22 THz, those
features are determined by the structure of photonic crystals
[10-13]. Obviously the four curves are different. For exam-
ple, TO first reaches its subpeak value of 785 at 1.12 THz
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Fig. 6 While the input port is in
the right of T-splitters, the
electric field pattern in the
vicinity of the T-splitter is of
1.059 THz. The electric field is
polarized along the axis of the
dielectric columns. Electric field
distribution of TE wave in

(a) TO, (b) T1, (¢) T2, and

(d) T3 waveguide. The circles
represent the Si rods arrayed in
air background at r = 18 um

and then increases to its peak value of 1035 at 1.22 THz.
For T1 its subpeak is 810 at 1.12 THz and then increases to
its highest point of 965 at 1.22 THz. T2 and T3 are more
special than TO and T1 curves. That is, T2 first reaches its
highest point of 905 at 1.12 THz and then decreases to its
subpeak point of 835 at 1.22 THz. Similarly, T3 first reaches
its highest point of 755 at 1.12 THz and then decreases to its
subpeak value of 465 at 1.22 THz. Those differences are de-
termined by the bend structure of T-splitters [10, 11].

From Fig. 5 we can also see that the pass band of
T-splitters is from 1.124 to 1.22 THz. We define the
amplitude—frequency characteristics consistency of pass
band as 4§, its value is the ratio of the subpeak amplitude
comparing with that of the highest peak. So the value of
& implies the consistency of the pass band. According to
Fig. 5, 6 of TO, T1, T2, and T3 are 76, 84, 92, and 62%, re-
spectively. Thus we can conclude that the consistency qual-
ity of these four configurations are T2 > T1 > TO > T3. But
considering the practical fact in signal propagation that the
loss at higher frequencies is a little greater than at lower fre-
quencies, higher transparency at higher frequencies is better.
This is just the case in T1 curve. Thus considering the con-
sistency quality as well as the demand in signal propagation,
T1 is the best choice comparing with other configurations.

The function of a splitter is divides the power in an input
wave guide equally between two output waveguides. A dis-
turbance of one output port will affect the other output port.
In order to explore the effect, we assumed a disturbance
in the right output port of T-splitters and set the right of
T-splitters to be the input port. We also simulate the field
pattern of the propagating mode to observe by a continu-
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ous wave (CW) excitation of the guided mode and set the
frequency to 1.059 THz. We show in Fig. 6 the electric field
pattern for the difference of T-splitter where 1.059 THz. Fig-
ure 6 shows trend of the left output port to gain less power
while T-splitters changes from TO to T3. In Fig. 6a, the right
input can transmit to the left output without resistance. In
Fig. 6b, the right input can transmit to the left output with
resistance created by the rod in the junction. The difference
between Figs. 6a and b is small but with the trend of gaining
less power, we believed that the left output port of T1 gained
less power than TO. Namely, the improved T-splitter excels
a common T-splitter in the degree of separation between the
two output ports.

3 Conclusion

By the improved T-splitter with a rod in the junction, we
achieved the amplitude—frequency characteristics consis-
tency of a pass band of 84% surpassing by 76% the con-
sistency of a common T-splitter through the band from 1.12
to 1.22 THz. And the improved T-splitter excels a common
T-splitter in the degree of separation between the two output
ports. These results provide a useful guide and a theoretical
basis for the developments of THz functional components.
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