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A TUNABLE EIGHT-WAVELENGTH TERAHERTZ MODULATOR
BASED ON PHOTONIC CRYSTALS
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We propose a tunable eight-wavelength terahertz modulator based on a structure of triple triangular
lattice photonic crystals by using photonic crystals in the terahertz regime. The triple triangular lattice was
formed by nesting circular, square, and triangular dielectric cylinders. Three square point defects were in-
troduced into the perfect photonic crystal to produce eight defect modes. GaAs was used as the point defects
to realize tunability. We used a structure with a reflecting barrier to achieve modulation at high transmis-
sion rate. The insertion loss and extinction ratio were 0.122 and 38.54 dB, respectively. The modulation rate
was 0.788 dB. The performance of the eight-wavelength terahertz modulator showed great potential for use
in future terahertz communication systems.

Keywords: terahertz wave, modulator, photonic crystals, eight-wavelength, tunable.

IEPECTPAUBAEMBIII BOCbMHBOJIHOBBII TEPATEPIIOBBII MOIYJISTOP,
OCHOBAHHBII HA ®OTOHHBIX KPUCTAJLIAX

K. Ji, H. Chen *, W. Zhou, Y. Zhuang, J. Wang
VIIK 548.0

Hanxunckui ynusepcumem coobujerutl 4 meieKoOMMYHUKAYU,
Hanxun 210023, Kumaii; e-mail:chhm@njupt.edu.cn

(Illocmynuna 2 urona 2016)

Ilpeonosicen nepecmpaugaeMulii B0CbMUBOIHOBYIL MePa2epYO8blil MOOYIAMOpP, OCHOBAHHBIN HA CMPYK-
mype mpOuHbIX MPeyeONbHbIX PeUlemoyYHblX QOMOHHBIX KPUCIALLO08, C UCNOTb308AHUEM (DOMOHHBIX KPU-
cmanios 6 mepazepyosom pescume. Tpoiinas mpeyeonvHas peuwemra chopmMuposana nymem pameujers
KPY2nblX, K8AOPAMHBIX U MPEY2OabHbIX OUINEKMPULECKUX YUTUHOPOS. B udeanvuviti pomonnwiii kpucmainn
66edelbl mpu 0ehexma ¢ K8AOPAMHBIMU MOYKAMU 0151 CO30anuUsi 80coMu Oedexmublx Mo0. GaAs ucnonwv3o-
6aH 6 Kauecmee UCMOYHUKA MOYeUHbIX Oehekmos Oasa pearusayuu nepecmpausaemocmu. Mcnonv3o8ana
CMPYKMYpa ¢ Ompaxcaromum 6apbepom 0Jisi OOCIMUNCEHUS MOOYIAYUU NPU 8bICOKOU CKOPOCMU Nepeoayi.
Kosgppuyuenmor enocumvix nomepo u sxcmumuxyuu 0.122 u 38.54 ob. Cropocmv mooyasyuu 0.788 Ob.
IIpouzeodumenbHOCMb 80CLMUBOTHOBO20 MEPALEPYOBO20 MOOYIAMOPA NOKA3AAA OOAbULOU NOMEHYUAT 05
UCNONIL308AHUSL 8 MEPALEePYOBLIX CUCTNEMAX CEA3U.

Knrouegwle cnosa: mepazepyosas 601HA, 80CbMUBOIHOBHI NEPECMPausaemvlii MOOYIAMOp, omoHnHbie
KpUCATLTbL.

Introduction. Recently, demand has increased rapidly for wider bandwidth in short-range wireless
communication systems. In such systems, using terahertz (THz) wavelengths is advantageous because they
provide broad bandwidth, good directivity, and large information capacity. Therefore, THz communications
is a promising direction for short-distance wireless communication systems [1-3]. In THz-wavelength divi-
sion multiplexing communication systems, a multi-wavelength THz modulator modulates and transmits the
THz wave, and this modulator determines the transmission capacity and speed. Research on THz modulators
is important both in science and in application [4]. Recently, single-wavelength [5], dual-wavelength [6], and
quadruple-wavelength [7] THz modulators based on photonic crystals (PCs) have been proposed.
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PCs have the properties of a photonic band gap and photonic localization. PCs, because they are a new
type of artificial electromagnetic material, enable the control of THz waves [8, 9]. Here we propose a tunable
eight-wavelength THz modulator based on a triple triangular PC, which can modulate eight THz wave-
lengths. Such a device possesses much greater communication capacity than earlier devices. Simulations
show that the present THz modulator has low insertion loss and high extinction ratio.

Calculation. Figure 1 shows a PC with a triple triangular lattice. This PC is formed by a triangular array
of dielectric cylinders consisting of circular cylinders with radius 7, square cylinders with side length w and
rotation angle 0, and triangular cylinders with base length w, and height g. The lattice constant is . The di-
electric cylinders are made of Si, and the substrate is air. The refractive indices of Si and air are assumed to
be 3.418 and 1, respectively.
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Fig. 1. The structure of triple triangular lattice PC (a) and unit cell of the triple triangular lattice PC (b).

Choosing the appropriate parameters for the triple triangular lattice PC can maximize its photonic band
gap. The parameters of the THz modulator are set to » = 13.9393 pum, w = 25.0909 um, 0 = 45°, w, =
41.8181 um, g =30.6666 um, and @ = 92 pm.

Figure 2 shows the band gap of the PC. The normalized frequency of the band gap is 0.326-0.422, and
the corresponding frequency is 1.06—1.70 THz. The band gap is larger than those of PCs with simple [5] or
compound lattices [7]. As such, by choosing appropriate line defects as waveguides, a larger range of THz
wavelengths can propagate through the PC.
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Fig. 2. The band gap of triple triangular PC.

A structure with a reflecting barrier is used to improve the transmission rate of the modulated THz
wavelengths. As shown in Fig. 3, S;; (i = 1, 2, 3, 4) is the amplitude of the input wave into the point-defect
cavity, and S; (i =1, 2, 3, 4) is the amplitude of the output wave. » and r4 are attenuation coefficients.

By dA/dt = imod — (2y + y2)A + (2y)"*(S41 + S12), it can be shown that

S = [i(0 — 0o)d + 2y + v)412)* - Seo. (1)
Here, A is the amplitude of the wave in the point-defect cavity, and
Sa=(2ry)"4, )
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Siz =83 = 8,67 = (8.1 - (27)2A)e™. 3)
S, can be derived from Egs. (1)—(3) as
Sir = {[i(® — wo)A + 2y +y)AY2p)"? + @) 4> (1 + &), “)
The corresponding transmission rate is defined as
T=|S4/Suf* = |(4yra) (1 + &**V[i(o + o)A + 2y +ya) + 2y (5)
If ®= 0wy, 20 =2mn (p =mmn, m =1, 2, ...), we obtain that
T=1/[1/2+ (ylys + (1/16)y4/7)] < 1. (6)

The transmission rate can be improved by changing the distance between the reflecting barrier and the
point-defect cavity.
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Fig. 3. Structure with a reflecting barrier.

Figure 4 shows the structure of the eight-wavelength THz modulator, showing the three square point de-
fects introduced in the PC as point-defect cavities. Different square point defects produce defect modes with
different wavelengths, so we changed the side length and rotation angle of square point defects to produce
different defect modes. The number of defect modes produced by square point defects is also related to the
side length and rotation angle of the square point defects. The side length of square point defect 1 is 2.712
times that of the square dielectric cylinders, and its rotation angle is 35°. The side length of square point de-
fect 2 is 2.5 times that of the square dielectric cylinders, and its rotation angle is 45°. The side length of
square point defect 3 is 2.57 times that of the square dielectric cylinders, and its rotation angle is 40°. The
three square point defects produce a better distribution of multiple defect modes, as shown in Fig. 5a. Over-
all, the transmission rate can be improved by adjusting the locations of the line defect waveguides and the
reflecting barrier.
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Fig. 4. Structure of the eight-wavelength THz modulator.
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The square point defects are gallium arsenide (GaAs) [10, 11], which allows for tunability. The refrac-
tive index of GaAs is N =n — in’, where n is the real part of V, and »’ is the imaginary part of N. If no pump
light is applied to GaAs, then # is 3.55, ' is 0, and the point defects produce defect modes. Figure 5a shows
the simulated results of the transmission spectrum. The blue, green, and red lines correspond to square point
defects 1, 2, and 3, respectively. The defect modes have nine wavelengths: 212.9, 218.58, 238.8, 197.71,
205.92, 224.04, 202.82, 210.29, and 229.5 um, respectively. We selected eight wavelengths with good
transmission rates: 218.58, 238.8, 197.71, 205.92, 224.04, 202.82, 210.29, and 229.5 pm. When the wave-
length of the incident THz wave is equal to the wavelength of the defect mode, the THz wave can propagate
through the modulator, and thus the modulator is in the “on” state.

When 810-nm pump light with an intensity of 0.4 pJ/cm® is applied to the square point defects, the
GaAs is excited and n’ changes to 2.55 [10]. Figure 5b shows the transmission spectrum of the THz modula-
tor. In this case, all the defect modes disappear and thus the THz modulator is in the “off” state.

These results show that the state of the modulator can be controlled by changing the pump light applied
to the square point defects.
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Fig. 5. Transmission spectrum of the THz modulator without (a) and with pump light (b).

Results and discussion. The extinction ratio, insertion loss, and modulation rate are important charac-
teristics of modulators. The extinction ratio is defined as

n= 1Olog(lmax/lmin)a (7)
where I and I, are the maximum and minimum intensities of the transmitted THz wave after modulation,
respectively, and n is the extinction ratio of the modulator.

The insertion loss is defined as
Y= 1010g(1in/lmax)s (8)
where [j, is the intensity of the THz wave without modulation, and 7 is the insertion loss of the modulator.
The modulation rate is defined as

v=1T, 9)
T= T1+T2, (10)

where v is the modulation rate of the modulator, 7} is the response time of the change in n’' (7} is about
100 ps [11]), T3 is the stability time of the modulator, and 7 is the sum of 7 and 7.

Figure 6 shows the case where the THz source inputs eight THz waves whose wavelengths are consis-
tent with the defect modes, revealing the time-domain steady-state responses of the “on” and “off” states.
Figures 6a,c,e show time-domain steady-state responses of the “on” state detected by the first, second, and
third detectors, respectively. Figures 6b,d,f show the time-domain steady-state responses of the “off” state
detected by the first, second, and third detectors, respectively.

Here, I,y is the sum of the values of Fig. 6a,c,e, and I, is the sum of the values of Fig. 6b,d,f. From
Fig. 7 we obtain that /., and I, are 7.7788 and 1.08746><10*3, respectively; T, is 1.1687x10°° s, and [, 1s 8.
From Egs. (7), (8), and (10) the extinction ratio is calculated as 38.54 dB, the insertion loss as 0.122 dB, and
the modulation rate as 0.788 GHz. The insertion loss is lower, and the extinction ratio 56 is higher compared
with earlier results.
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Fig. 6. Time-domain steady-state responses of “on” state detected by (a) detector 1, (c) detector 2,
and (e) detector 3; Time-domain steady-state responses of “off” state detected by (b) detector 1,
(d) detector 2, and (f) detector 3.

Figure 8 illustrates the steady-state THz field intensity distribution of the THz modulator, showing that
the eight THz waves can be modulated effectively when they are inputted simultaneously.

Conclusion. We designed a tunable eight-wavelength THz modulator, and simulated results showed
that its performance was excellent. Its dielectric cylinders were made of Si. Because Si technology is the
most advanced semiconductor technology, this modulator can be produced easily and inexpensively. This
THz modulator can modulate eight THz wavelengths, which greatly expands its communication capacity.
This device shows great potential for future use in multi-wavelength, high-capacity THz communication
systems.
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