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Abstract

Terahertz (THz) sources for various applications have attracted especial attention. Compared with the
standard silica-based optical fibers, silicon waveguides have advantages such as higher refractive index
and lower absorption loss over the THz region. In this paper, for the first time, a rib silicon waveguide
based on the photonic crystal (PC) idea is designed and by using the scalar modulation instability (SMI)
phenomenon, tunable wavelength conversion for generation of THz radiation is simulated. By changing
the structural parameters such as the air-hole diameter of the PC and infiltration of optical fluids into the
air holes, linear and nonlinear characteristics of the waveguide are controlled and hence the generated THz
radiation is considered as a tunable source. Simulation presents the maximum converted wavelength of
326.17um is obtained when the air-hole diameter is set at d=0.86um, where pump wavelength is in the
normal dispersion regime. Also, we have infiltrated optical fluids into PC air holes in order to change the
dispersion properties of the waveguide while keeping the geometrical parameters unchanged. This led to
converted wavelengths of 70.5, 76.8 and 107.5 pm, all located in the terahertz region. The loss of this

waveguide is less than O.SdB/Cm, which is less than that of previously reported in similar silicon
waveguides.

Keywords: Silicon waveguide; photonic crystal; optical fluids; four-wave mixing; dispersion
engineering; terahertz.

1. Introduction

Terahertz (THz) radiation as an electromagnetic radiation in the frequency range of 0.1 to 10 THz
(wavelength range of 30 um to 3 mm) has attracted a lot of interest in both science and technology [1].
The THz band which is located between the infrared and microwave region is a low energy and non-
ionized radiation that may penetrate in non-polar and non-metallic materials such as cloth, paper, stone
and plastics [2].

The development of efficient terahertz wave sources is important for measurement and biology [3]. The
terahertz radiation is generated by various ways such as photoconductive antennas [4], large particle
accelerators [5, 6], quantum cascade lasers [7], and optical rectification in nonlinear crystals [8, 9]. The
important ones that have been recently used is four-wave mixing (FWM) [10] in silicon waveguides.
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Compared to the conventional silica-based optical fibers, a rib silicon waveguide is a more consistent
structure for generating THz waves through the FWM. Inherent advantages of the silicon waveguide over
the silica fiber include the absorption loss of the silicon which is less than 0.23 cm™ in 1.2-6.9 micron and
25-200 micron [11], while in optical fiber absorption coefficient is in the terahertz region which is 5 cm’
I silicon nonlinear refractive index is 200 times greater than the silica [12]; the refractive index (about
3.5) of the silicon is much larger than the air, which represents a very strong light confinement; the rib
silicon waveguide is compatible, where it enables large-scale integration with a low cost [10].

Owing to the interplay of nonlinear effects and dispersion, many nonlinear systems can exhibit an
unstable phenomenon known as the modulation instability (MI) which results in a stable mode modulation
[13]. MI is a third-order nonlinear phenomenon that can be utilized in optical fibers/waveguides for
wavelength conversion [13]. The simplest form of MI is considered as scalar modulation instability (SMI)
where there is no dependency on the polarization state of the lightwave [13]. The underlying physics of
SMI is the production of new photons: known as Stokes and anti-Stokes. In the case of SMI, for satisfying
the phase-matching condition, A, must be adjusted near the ZDW which stands for the zero-dispersion
wavelength as Ao of the waveguide for 4,< Ao or 4,> Ao dispersion regimes.

In this paper, we design for the first time a photonic crystal-based rib silicon waveguide for tunable
wavelength conversion in the terahertz region. We examine wavelength conversion via the SMI
phenomenon in both the anomalous and the normal dispersion regimes. To this end, we change the
structural parameters (both geometry and optofluidic infiltration) of the waveguide to engineer the
dispersion and nonlinear characteristics and hence to control the phase-matching condition and finally
tune the converted wavelengths in THz region. As the wavelength conversion strongly depends on group-
velocity dispersion (GVD) parameter f2, the merit of the optofluidic infiltration is to obtain tunable
wavelength conversion while keeping the waveguide geometry unchanged.

The optical properties of fluids are generally very wide. An optical fluid can be applied to any photonic
device where there is an air hole [14, 15]. The fluid interacts with the confined field and modifies the
properties [15]. Fluid can be successfully infiltrated in photonic crystal (PC) and microstructures and
change the waveguide properties. Most recently, the optofluidic infiltration in photonic crystal fibers
(PCFs) has been used for wavelength conversion in the telecommunication region [16]. Therefore, in this
work, we intend to investigate the wavelength conversion in the PC-based rib silicon waveguide to access
the THz region not only with the help of geometrical changes but also with optofluidic infiltration
possessing various refractive indices. In fact, by the optofluidic infiltration into the PC air holes of the
waveguide and by changing the optical fluid’s refractive index ng, the dispersion properties can be
changed and thereby the converted wavelengths are tuned [17].

The paper structure is as below. In Section 2, the theoretical background of the wavelength conversion
in both the anomalous and the normal dispersion regimes based on the SMI is presented. In Section 3, we
design a PC-based rib silicon waveguide and its linear and nonlinear characteristics are determined. In
Section 4, the wavelength conversion is simulated when geometrical parameters are changed or the
waveguide is infiltrated with various optical fluids. Finally, the paper is concluded in Section 5.

2. Theory of the study

MI is a general feature of the lightwave propagating in an optical medium where dispersion and
nonlinear effects are simultaneously present. Based on MI, when a pump wave with the angular frequency
of w, is input into the optical waveguide, the frequency of the sidebands (Stokes and Anti Stokes) are
symmetrically located than the pump frequency (zero detuning); such that, the energy conservation



condition is met, i.e. 2w, = W, + ws. The angular frequencies of the sidebands (Stokes and Anti Stokes)
are defined respectively by wg and w, [16].

The frequency detuning of sidebands with respect to the pump frequency is given by Q = w, — ws =

2 2 .
wg — wy Where wg = % and w, = % , where the Stokes and anti -Stokes wavelengths are presented
a

by A5 and 4, [13, 16].

Linear stability analysis, phase-matching condition, and FWM can be used to describe the SMI in an
optical medium [13]. From the phase-matching condition, one can readily determine the peak frequency
detunings Q,.¢, Where the SMI maxima occurs, thus Ak = $,022 + 2yp, = 0. Therefore, the position of
peak frequency detunings in the anomalous dispersion regime are easily determined as [13, 16]:

2
Qmax = * ’% (1)

where p, is the peak power of the input pump and £ is the second-order dispersion coefficient of the
waveguide calculated at pump wavelength A4,,. Also, y denotes the nonlinear parameter of the waveguide.
On the other hand, for the normal dispersion regime, the mode propagation constant f should be expanded
up to B, to determine (0,4 as [13, 16]:

\]—234(332+\/m)

Qmax =% Ba (2)
where the phase-matching criterion: Ak = B,0?% + 1—12 B402* + 2yp, = 0 is used. It should be noted that

in the anomalous dispersion regime where f- is negative, the first term of Ak = 8,02 + 2yp, can be
cancelled out by the second term (which is always positive) and fulfill the phase-matching condition. In
the normal dispersion regime however, since P2 1is positive, the negative value is satisfied by f+ so that the
phase-matching condition Ak = 3,02 + 1—12,84.(24 + 2ypo = 0 is fulfilled.

The intensity gain coefficient of the SMI in the anomalous dispersion regime can be calculated as
[13,16]:

g() = 2Im N%ﬁzﬂz &2+ 2yp0) 3)

Both theoretical and experimental show the SMI take places in the normal dispersion regime as well,
thus the higher-order dispersion coefficients cannot be ignored. Therefore, considering dispersion terms
up to the fourth-order coefficient f5,, the intensity gain coefficient in the normal dispersion regime
becomes [13,16]:

8(Q) = —Im [(JBQ* + 128, X /B Q" + 123,97 + 48ypy) Q)]
4

The converted wavelength can reach the THz region.

3. Designing the PC-Based Rib Silicon Waveguide

In this section, we design a PC-based rib silicon waveguide with suitable dispersion characteristics and
investigate the wavelength conversion in this waveguide for a given input pump wave. If the diameter of
circular air holes of PC changes and hence tailoring the waveguide dispersion characteristics, the
wavelength range is tuned. The waveguide that is studied in this work is made of silicon where its
wavelength-dependent refractive index is given as [18]:



n2_1= 10.668429312 0.00304347484% | 1.541334081°
12-(0.301516485)%2 = 12—-(1.13475115)2 A%2-(1104)2

(5)

The guidance mechanism of the waveguide is the same as the standard optical fibers, that is the total
internal reflection [19].

Our proposal of the PC-based rib silicon waveguide is shown in Fig. 1 (a). The PC is arranged as a
rectangular array of circular air holes inside the silicon waveguide background and is located at a distance
of 14 microns from the top of the waveguide. The lattice pitch of the PC is fixed at A = 4.80 um and the
wavelength conversion process is controlled by changing the diameter of the air holes. In Fig. 1 (b), the
mode is well confined within the waveguide core located above the PC air holes. The air-hole diameter d
can be changed for geometrical change of waveguide and then changing the waveguide dispersion. We
have simulated the fundamental mode field distribution and mode propagation constant of the proposed
waveguide [20-21]. A full-vectorial modal analysis based on the finite-difference eigenmode is used to
obtain the field distribution of the fundamental mode and propagation constant of the waveguide [22, 23].
The method discretizes the waveguide cross section using a 100 numbers of mesh cells and mesh step of
1x107% um in each direction and formulates Maxwell’s equations in terms of a matrix eigenvalue problem.
Perfectly matched layers with 18 pm width are used as absorbing boundaries placed on the boundary of
the waveguide. Conformal meshing was also applied to all material interfaces to reduce meshing errors
and increase the numerical accuracy of the simulations.

It should be noted that our proposal is inspired by a silicon membrane waveguide reported by Z. Wang
et. al. to generate terahertz radiation which made it possible to create new wavelengths only by changing
its geometry [10]. However, our proposed PC-based rib silicon waveguide has more advantages than the
silicon membrane waveguide or other designs [11] with unique features such as freedom in design owing

to the PC air holes and much lower loss (less than 0.8458 / cm.) 1n operating wavelengths. In addition, our
waveguide enables generating new wavelengths without changing the geometry when using optofluidic
infiltration in PC air holes. This makes our waveguide more suitable for industrial and commercial
purposes in comparison with previous ones.
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Fig 1. (a) Cross-sectional view of the PC-based rib silicon waveguide; (b) distribution of the fundamental TM mode
confined in the waveguide core. The air-hole diameter d can be changed for geometrical change of waveguide.
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Fig 2. Dispersion curves D versus wavelength for different air-hole diameters d.

Fig. 2 shows dispersion curves D as a function of wavelength in the range of 4.0 to 7.0 microns for
various air-hole diameters, d. As it is evident, by decreasing the diameter of the air holes, the zero-
dispersion wavelength (ZDW) shifts toward longer wavelengths; therefore, by engineering the dispersion
curves, it is possible to tune the frequency shift and the gain of the converted wavelengths (see Egs. (1)-
(4)). The dependency of the ZDW on the air-hole diameter is given in Table (1).



Table 1. The zero-dispersion wavelength (ZDW) of the PC-based rib silicon waveguide for various air-hole
diameters.

d(um) 4.60 | 2.88 | 2.00 | 1.60 | 1.20 | 1.06 | 0.94 | 0.86

ZDW(um) | 5.65 | 5.80 | 5.90 | 6.00 | 6.10 | 6.20 | 6.30 | 6.40

4. Tunable Wavelength Conversion in the PC-Based Rib Silicon Waveguide

We simulate the tunable wavelength conversion by changing the waveguide geometry as well as by
optofluidic infiltration in both normal and anomalous dispersion regimes. Then, the best situation for
obtaining the wavelength conversion in the THz region is determined.

4-1Tunable Wavelength Conversion via Geometrical Change in Anomalous Dispersion Regime
As already mentioned, in the anomalous dispersion regime f3, becomes negative. Using the dispersion
curves D shown in Fig. 2 and Table (1), if the pump wavelength A, set at 6.60 um, the second-order

) . . A2 . . o .
dispersion coefficient B, = _z_ncD’ becomes negative. By taking the second derivative of thefs, with

respect to the angular frequency, the fourth-order coefficient S, can be obtained which is reported in ref.
[24].

The GVD parameter 3, , effective mode area A, s (or more intuitively the area of the intense spot seen
in Fig. 1 (b)) and nonlinear parameter y of the PC-based rib silicon waveguide are listed in Table (2) for
various air-hole diameters calculated at 6.60 um (this is because at this wavelength, for all air-hole

diameters according to Table (1), the anomalous dispersion regime is fulfilled, i.e., Ap > ZDW), and y =
nzwp — n, 2T

2 . . .. o
—2=— wheren, =5x 10718 M /W [10]. Also, n, is the nonlinear refractive index of silicon.
CAeff  ApAeff

Table 2. Linear as well as nonlinear parameters of the PC-based rib silicon waveguide for different
diameters of air holes calculated at the pump wavelength of Ap = 6.60 um in the anomalous dispersion
region.

I P Be P fm) | Aerr Y.
o km) (um?)
4.60 8.15 -1.89x10! 69.74 6.82x1072
2.88 6.38 -1.48%10"! 78.80 6.04%1072
2.00 5.32 -1.23x10! 84.99 5.60%1072
1.60 448 -1.04%10"! 88.70 5.36x%1072
1.20 3.18 -7.36%107? 93.93 5.06x1072
1.06 2.49 -5.77x102 96.84 4.91%102
0.94 1.67 -3.87x1072 100.16 4.75%102




0.86 1.00 -2.32x1072 103.03 4.62%102

Also, by decreasing the air-hole diameters of the PC, the core-cladding index contrast is decreased and
so vy is decreased. Core-cladding index contrast means the difference between the refractive index of the
core and that of the cladding. When the air-hole diameter of the PC in the cladding is decreased, the core-
cladding index contrast is decreased as well. This is because the core purely consists of Si with the
refractive index of ~ 3.5 while the cladding consists of Si and/or air. When the air-hole diameter is
decreased, the contribution of the air in the cladding decrease and hence the refractive index of the cladding
approaches to Si refractive index. This leads to the decreases of core-cladding index contrast.

Based on Eq. (1), in the anomalous dispersion regime, when the value of [, is smaller, the greater value
of Qmax is obtained. Therefore, with decreasing /32, the frequency shift increases. This can be seen in Table
(2) where the smallest value of 2 corresponds to the smallest diameter of the air hole. Table (3) lists the
Stokes and anti-Stokes frequencies (wg and w,) as well as the wavelength shifts AA, where the pump
wavelength as the pump peak power is fixed at S00W. From Eq. (1), for smaller 8,, the larger Qmax is
occurred, hence the larger wavelength shift of 1.22 um is obtained.

Table 3. Sidebands frequencies along with wavelength shifts for different air-hole diameters calculated at the pump
wavelength of Ap = 6.60um in the anomalous dispersion regime.

d (um) ws (THz) w, (THz) A=A, — Ap
(um)

4.60 266.37 304.39 0.47

2.88 265.17 305.60 0.50

2.00 264.07 306.69 0.53

1.60 262.64 308.13 0.57

1.20 259.16 311.61 0.67

1.06 256.21 314.56 0.75

0.94 250.36 320.40 0.92

0.86 240.79 329.98 1.22

Fig. 3 shows the gain coefficients as a function of the frequency detuning (2) simulated based on Eq.
(3) for different air-hole diameters. According to Fig. 3, for d=0.86 um, the largest detuning at which the
gain peak of the sidebands occurs corresponds to the smallest value of 2 which is already seen in Tables
(2) and (3).
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Fig 3. Gain coefficient versus the frequency detuning for various air-hole diameters in the anomalous dispersion
regime. The pump wavelength is Ap = 6.60pum and the pump peak power is P,=500 W.

Based on Fig. 4, the gain coefficient is increased. Additionally, increasing the pump power will shift
the peak frequency detuning (. to larger values. This factor is due to increase of nonlinear interaction
and increased phase matching between the interacting waves. It worth noting that the practical values
of Ap and Pp can be readily obtained via mid infra-red sources operating between 3 and 8 microns; for
example, the second-harmonic generation of the intense CO laser using the ZnGeP:2 crystal or coherent
radiation based on difference-frequency generation from tunable optical parametric oscillators (OPOs)
[25, 26].
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Fig 4. The gain coefficient versus the frequency detuning for different pump peak powers in the anomalous
dispersion regime. The air-hole diameter is fixed at d=0.86um.

As discussed above, in the PC-based rib silicon waveguide, it is possible to tune the converted
wavelength by changing the waveguide geometry. In this case, the largest sideband peak was obtained for
d= 0.86 um at which S has the smallest value, and correspondingly the largest wavelength shift of AL
=1.22pm is observed. Also, with increasing pump peak power for this fixed air-hole diameter, the
frequency shift is increased. Therefore, it is possible to control the location of the converted wavelengths
by changing the air-hole diameter as well as the input pump peak power. However, as it is seen from the
simulation results, the largest wavelength shift occurred in the anomalous dispersion regime cannot reach
the terahertz region; therefore, one should examine the wavelength conversion in the normal dispersion
regime.

4-2 Tunable Wavelength Conversion via Geometrical Change in Normal Dispersion Regime

In this section, we change the pump wavelength and repeat simulations for Ap = 5.60 pm. This is because
at this wavelength, for all air-hole diameters according to Table (1), the normal dispersion regime is
fulfilled, i.e., Ap < ZDW. In this regime, £, is positive and f3, is negative [24]. The dispersion and nonlinear
parameters of the PC-based rib silicon waveguide are listed in Table (4); while the wavelengths shift and
Stokes and anti-stokes frequencies are given in Table (5).

Table 4. Dispersion and nonlinear parameters of the PC-based rib silicon waveguide for different diameters of air
holes at the pump wavelength of Ap = 5.60 pm in normal dispersion regime.

d (um) B Ba Aesr 14
| @D Ay

4.60 8.64x107 -2.48%10° 68.94 8.13x107
2.88 3.45x1072 -2.24%107 77.84 7.20x1072
2.00 4.89x1072 -2.06%10° 83.86 6.69%107
1.60 5.96x107 -1.90%10° 87.37 6.42%107
1.20 7.50%107 -1.61x107 92.06 6.09%107
1.06 8.28x1072 -1.45%107 94.60 5.93%1072
0.94 9.21x1072 -1.26x10° 97.32 5.76x107
0.86 9.96x1072 -1.09%10° 99.58 5.63%107

As before, by decreasing the air-hole diameter, the core-cladding index contrast is decreased and so Aefr
is increased and simultaneously y decreases. According to Eq. (2), in the normal dispersion regime, the
peak frequency detuning depends on both the second- and the fourth-order dispersion coefficients so that
for the largest 2 and the smallest f4, Qmax becomes maximum. As is seen in Table (4), the largest 52 and



simultaneously the smallest S+ correspond to the smallest value of air-hole diameter with d=0.86 um. This
leads to the maximum wavelength shift of AA = 320.57um which is given in Table (5).

Table 5. Stokes and anti-Stokes frequencies as well as the wavelength shifts for different air-hole diameters for the
pump wavelength of Ap = 5.60um in the normal dispersion regime.

d (um) (THz)w, w, (THz) AL (um)
4.60 243.12 429.60 2.15
2.88 193.57 479.15 4.13
2.00 163.87 508.85 5.90
1.60 139.55 533.17 7.90

1.20 98.47 574.25 13.54

1.06 73.37 599.35 20.09

0.94 38.99 633.73 42.74

0.86 5.78 666.94 320.57

As aresult, it is desired to work in the normal dispersion regime to access new wavelengths in the THz
region.

4-3 Tunable Wavelength Conversion via Optofluidic Infiltration

As discussed above, one can tailor the waveguide dispersion curve by changing the geometrical
parameters and hence tune the generated wavelength range. However, by the infiltration of optical fluids
with different refractive indices as the post-fabrication method, one can easily engineer linear and
nonlinear characteristics of the waveguide to access the desired wavelength range. From the practical point
of view, it is a more appropriate and optimal tool that enables us to achieve significant results via small
manipulations. The variation of waveguide geometry is not an optimal method for reaching different
wavelength regions, because one cannot practically use a waveguide with different air-hole diameters.
Therefore, we should think of changing the dispersion properties of the waveguide in a different way, such
as the infiltration of optical fluids to access different wavelength regions while keeping the waveguide
geometry unchanged.

In this section, we set the waveguide dimensions at fixed parameters of A = 4.8 pm and d=0.86 um, to
ensure the largest wavelength shift as discussed in the previous section; and then infiltrate different optical
fluids with various refractive indices in the PC air holes. To this end, we infiltrate water or other optical
fluids into the PC air holes and then simulate 2 and f+ curves and compare them with the case of empty
air holes (without infiltration). This is shown in Fig. 5 (a) whereby increasing the refractive index of the
holes, the dispersion curve is changed and ZDW is shifted toward longer wavelengths. For example, for
the empty air hole, the ZDW is about 6.40 pm while for the optical fluid of CgH;g this value is shifted to
6.56 pm.

As shown in Figs. 5 (b) and (c), f2 and f+ are plotted for both cases when the waveguide is uninfiltrated
or infiltrated with various optical fluids. Evidently, by changing the refractive index of the fluid infiltrated
into the PC air holes, the second- and fourth-order dispersion coefficients are changed and hence the
wavelength shift is tuned according to Eq. (2).
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Fig 5. Dispersion curves (a); GVD parameters (b); and fourth-order dispersion coefficients (c) for empty air hole

(blue line) and optofluidic-infiltrated air hole (red line).

Based on the obtained results in Sections 4-1 and 4-2, we obtain a larger wavelength shift for the normal
dispersion regime. Therefore, in this section, simulations are only performed in the normal dispersion
regime. Here, three different optical fluids including water, CsHi2 and CsHis are infiltrated into the PC air
holes. The refractive indices of these fluids are as n,q4¢er = 1.33400 [27], ¢ py,, = 1.35377 [28] and
Negn,e = 1.39125 [28]. The pump wavelength is set at Ap = 5.9 um, where for all cases the normal
dispersion regime, Ar < ZDW, takes place and therefore the second-order dispersion coefficient is positive
and simultaneously the fourth-order dispersion coefficient is negative.

The linear and nonlinear parameters for all cases of un-infiltrated and infiltrated PC holes are listed in
Table (6) and corresponding wavelengths shifts, Stokes and anti-stokes frequencies are given in Table (7).

Table 6. Linear and nonlinear parameters of the PC-based rib silicon waveguide infiltrated by optical fluids with
different refractive indices. The pump wavelength is set at Ap = 5.9 um in the normal dispersion regime.

B2 Pa Aeff Y
Optical fluid (zos2 /) (ps‘* [y | @D Ay
Air 6.45%10 -1.26%10° | 100.77 5.29%10
Water 7.27%107? -1.05%103 | 102.22 5.22%107?
CsHyp 7.33%102 -1.04%x10° | 102.32 5.21%10
CgHig 7.45%1072 -1.01x10° | 102.53 5.20%102

By increasing the refractive index of the air holes through the injection of optical fluid, the index contrast
between the core and cladding decreases and so Aefr increases and y decreases. As mentioned above,
according to Eq. (2), in the normal dispersion regime, the peak frequency shift depends on both second-
and fourth-order dispersion coefficients so that when f: is larger and S+ is smaller, Qmax 1s larger as well.
As seen in Table (6), the largest value of 2 and the smallest value of S« correspond to the case of CgHyg

where according to Table (7), this leads to the largest wavelength shift of AA= 101.58 pum. This largest

12



wavelength shift corresponds to the maximum converted wavelength of A= 107.48 pm which lies in the
THz region.

Table 7. Stokes and anti-Stokes frequencies as well as the wavelength shifts of the PC-based rib silicon waveguide
infiltrated by optical fluids with different refractive indices. The pump wavelength is set at Ap = 5.9 pum in the normal
dispersion regime.

Optical fluid ws (THZ) w, (THz) A\ (um)
Air 65.71 574.45 22.80
Water 26.75 613.42 64.59

CsHq, 24.54 615.62 70.92
CgHig 17.54 622.62 101.58

Fig. 6 shows a gain coefficient versus the frequency detuning simulated based on Eq. (4) for both cases:
CgH,g optofluidic infiltration and empty air holes. As it is obvious, by infiltration of the optical fluid, the
sideband peak frequency detuning is largest compared with the empty air hole. Therefore, the designed
PC-based rib silicon waveguide can generate different wavelength shifts by changing the refractive index
of the air holes via optofluidic infiltration. This provides an efficient method to access the THz region
without changing the geometrical parameters.
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Fig 6. Gain coefficient versus the frequency detuning for empty air hole (blue line) and optofluidic infiltrated air

hole (red line). The pump wavelength is set at Ap = 5.9 pm in the normal dispersion regime with the pump peak
power of Py=2 kW.

5. Conclusion

In this paper, a rib silicon waveguide based on the photonic crystal (PC) idea was designed for the first
time and tunable wavelength conversion for generation of THz radiation was simulated. As a result, the
converted frequencies/wavelengths can easily lie in the THz region. When the pump wavelength is set at

13



Ap=5.60 um in the normal dispersion regime and for the fixed lattice pitch of A= 4.80um, as the air-hole
diameter is changed from d=4.60pum to d=0.86um, the converted wavelength is tuned from A=2.15um to
A=326.17um, respectively. This is while for the pump wavelength of Ay=5.9 um and the fixed lattice pitch
of A= 4.80um and air-hole diameter of d=0.86um, by the infiltration of optical fluids with different
refractive indices in the PC air holes, the converted wavelength is tuned over the THz range from 70.5pum
to 107.5um.
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Figures
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(a)

Figure 1

(a) Cross-sectional view of the PC-based rib silicon waveguide; (b) distribution of the fundamental TM
mode confined in the waveguide core. The air-hole diameter d can be changed for geometrical change of

waveguide.
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Dispersion curves D versus wavelength for different air-hole diameters d.
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Gain coefficient versus the frequency detuning for various air-hole diameters in the anomalous dispersion
regime. The pump wavelength is AP = 6.60um and the pump peak power is Pp=500 W.
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The gain coefficient versus the frequency detuning for different pump peak powers in the anomalous
dispersion regime. The air-hole diameter is fixed at d=0.86um.
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Dispersion curves (a); GVD parameters (b); and fourth-order dispersion coefficients (c) for empty air hole

(blue line) and optofluidic-infiltrated air hole (red line).
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Gain coefficient versus the frequency detuning for empty air hole (blue line) and optofluidic infiltrated air
hole (red line). The pump wavelength is set at AP = 5.9 ym in the normal dispersion regime with the pump
peak power of Pp=2 kW.
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