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Abstract: In this paper, we investigate the strong modulation instability (MI) at telecom-
munication band in a silicon–organic hybrid slot waveguide. The organic material of poly-
mer poly (bis para-toluene sulfonate) of 2, 4-hexadiyne 1, 6 diol (PTS), which has high
third-order nonlinear refractive index and very low two-photon absorption, is used to fill
the slot of the waveguide. The optical gain can be up to �3600 m�1 with a low pump
peak power of 300 mW. By using Gaussian pulses with width of 10 ps and peak power
of 250 mW, deep modulation of the pump is achieved, and the ultrashort pulse trains
with the periods of 27 and 24 fs are obtained in the anomalous and normal group-velocity
dispersion regions, respectively.

Index Terms: Modulation instability (MI), silicon–organic hybrid (SOH), slot waveguide,
ultrashort pulse train.

1. Introduction
Silicon waveguides have been extensively studied because of its potential to satisfy the increas-
ing demands on the electronics in optical communications. Benefiting from its good optical con-
finement, large nonlinear coefficient, and easy integration with the complementary metal-oxide
semiconductor (CMOS), silicon waveguides are desirable in the realization of all-optical signal
processing on the chip scale. Significant works on the on-chip optical devices have already
been reported, including parametric amplifier [1]–[3], Raman laser [4]–[7], broadband wave-
length converter [8]–[10], and analog-to-digital converter [11]. In addition, modulation instability
(MI) in which a weak perturbation of the amplitude or phase of a continuous wave (CW) or
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quasi-CW wave grows exponentially, has been studied in the silicon-based waveguide [12],
[13]. The MI process could induce deep modulations of an input CW or quasi-CW which could
play an important role in the design of on-chip ultra-short pulse train source.

Nevertheless, for pure silicon waveguides, the MI process at telecommunication band is usu-
ally destroyed by the strong two-photon absorption (TPA) and free-carrier absorption (FCA)
[13]. In recent years, silicon–organic hybrid (SOH) waveguides have emerged as an attractive
optical structure because of its ability to overcome the TPA-induced intrinsic limitations in pure
silicon waveguides. In a SOH waveguide, the silicon can be combined with other organic mate-
rials, which have a much higher third-order nonlinear refractive index and do not suffer from the
TPA and FCA at the telecommunication band [14]–[16]. Meanwhile, the organic materials can
be developed independent from the silicon-based waveguide which can induce remarkable non-
linear effects [15].

In this paper, we investigate the strong MI process in a horizontal slot-type SOH wave-
guide. The slot is filled with the organic material polymer poly (bis para-toluene sulfonate) of
2,4-hexadiyne 1, 6 diol (PTS). Simulation results show that a high optical gain is achieved with a
low peak power pulse pump at telecommunication band and the ultra-short pulses, generated
from deep modulation induced by MI, with periods of 27 and 24 fs are obtained in the anomalous
and normal group-velocity dispersion (GVD) region, respectively. The proposed SOH waveguide
is a good candidate for on-chip ultra-fast optical signal processing.

2. Design and Modeling
Here, the horizontal slot waveguide is chosen to avoid the processing difficulties encountered in
slot filling or SiOx etching [17], and it can be formed by the deposition or growth techniques with
the nanometer-scale accuracy, which is critical to decrease the error caused by the fabrication
of waveguide. Besides, it offers the advantages on a better control of layer thickness, and al-
lows for much thinner slot layers [18]. This is better than a vertical slot that must be defined
lithographically and etched down into a silicon waveguide [19], [20], which is difficult for a slot
size below 50 nm. As shown in Fig. 1(a) and (b), the proposed SOH waveguide is with air
cladding and the slot filled with PTS is sandwiched between two silicon strips. From the mate-
rial dispersions of silicon, silicon dioxide, and PTS, the effective refractive index, neff, of the
SOH waveguide is calculated using the full-vector finite element method (FEM), and the
GVD ð�2Þ, third-order ð�3Þ, and fourth-order ð�4Þ dispersion parameters can be easily obtained
through numerically differentiating the calculated neff since �n ¼ dnneff=d!n. The thickness of the
slot and the width of the waveguide are s ¼ 20 nm and W ¼ 540 nm, respectively. Since the
electric field discontinuity occurs at the horizontal interface for such a waveguide, the quasi
transverse magnetic (TM) polarization [y direction as shown in Fig. 1(a)] should be used for the
analysis. For different silicon strip heights, the GVD derived from the effective refractive index
within the wavelength range of interest is shown in Fig. 2. It shows that the ideal strip height is
determined to be 470 nm because the zero GVD wavelength is very close to 1550 nm.

Fig. 1. (a) Three-dimensional structure of the proposed SOH waveguide and (b) the corresponding
cross-section of the SOH waveguide. W: waveguide width; s: slot thickness; H: strip height.
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The nonlinear index of the organic material PTS is n2 ¼ 2:2� 10�16m2W�1, which is nearly
two order of magnitude higher than that of silicon [14], [21], [22]. The peak of the TPA in the
PTS is located at 930 nm which decreases monotonically with increasing wavelength and
reaches very low value at telecommunication band [14], [16]. Hence the proposed SOH wave-
guide could induce a much higher nonlinear effects without suffering from the TPA and the as-
sociated FCA at telecommunication band. The dynamics of optical wave propagating in the
proposed SOH waveguide is governed by the nonlinear Schrödinger equation [12]–[14] as

i
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where A; ��; �, and � represent the slowly varying pulse envelop, kth-order dispersion parame-
ter, nonlinear coefficient, and linear loss, respectively. Here we consider the chromatic disper-
sion of the SOH waveguide up to the fourth-order. We found that inclusion of higher order
dispersion did not have significant effect on the simulation results. To analyze the MI process
we start from the steady-state solution

A0 ¼
ffiffiffiffiffiffi
P0

p
exp i �P0 � �=2ð Þz½ � (2)

where P0 is the peak power of the input pump. We consider a small perturbation of the steady-
state solution Ap ¼ A0 þ �A. Here �A is assumed to be

�A ¼ �ðzÞ exp ½iðKz � �tÞ� þ �ðzÞ exp �i Kz � �tð Þ½ � (3)

where �ðzÞ and �ðzÞ are the complex perturbation amplitudes corresponding to the Stokes and
anti-Stokes sidebands. The parameters K and � are the wave number and frequency offset of
the small perturbation, respectively. Substituting Ap into (1), the equation for the perturbed field

Y ¼ ½�ðzÞ; �ðzÞ�T is given by

dY
dz

¼ iMY

¼ i

P4
k¼2

�k�
k

k ! � K þ �P0 þ i �2 �P0

��P0 � P4
k¼2

�k ð��Þk
k ! � K � �P0 � i �2

2
6664

3
7775 �ðzÞ

�ðzÞ

� �
(4)

Fig. 2. GVD of the waveguide calculated for different heights of the silicon strip.
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where M is the MI matrix. By considering the nontrivial solutions, the relationship between K
and � is calculated as

K ¼ �3�
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when K possesses a nonzero imaginary part, the perturbation grows exponentially with z and
the MI is measured by the power gain defined as Gð�Þ ¼ 2jIm½K ð�Þ�j. We note that even in the
normal dispersion region, the presence of the fourth-order dispersion �4 could render a nonzero
imaginary part of K and thus induce the MI if the value of �2 is sufficiently small [12], [13]. Also,
since the first term on the right-hand side of (5) is always real, the third-order dispersion plays
no role in the MI process.

3. Simulation Results and Discussions
The MI process is studied in both the anomalous and normal dispersion region. A 10 ps
Gaussian pulse at 1551 nm, which is used as the quasi-CW steady-solution, is launched into the
SOH waveguide when studying the MI in the anomalous dispersion region, and for the normal
dispersion region, the same pulse at 1543 nm is used instead. Fig. 3(a) and (b) shows the calcu-
lated transverse profiles of the electric field for quasi-TM polarization in both cases. We observed
that most of the electric field is confined inside the low-index slot, hence the light confined in the
slot could propagate without severe impairment by the TPA in PTS. The intense of the light prop-
agating outside the slot is quite small since the electric field in large cross-section silicon strips is
far more weaker. Consequently, the induced TPA and FCA in the silicon strips could be ne-
glected when compared to the linear loss of the waveguide, which is approximately 4.5 dB/cm
[14], [16]. The calculated dispersion parameters for the anomalous are �2¼�4:65�10�3 ps2=m,
�3 ¼ 4:62� 10�3 ps3=m, and �4 ¼ �1:17� 10�5 ps4=m, and for the normal dispersion regions
are and �2¼0:0204 ps2=m, �3¼4:41�10�3 ps3=m and �4¼�1:10�10�5 ps4=m. Fig. 4(a) and (b)
shows the obtained MI gain spectra as the function of the pump peak power in anomalous
and normal dispersion region, respectively. The corresponding 2-D gain profiles are shown in
Fig. 4(c) and (d). The negative part of the gain profiles are not shown here because of the symme-
try of the curves. It is evident that the optical gains in both the anomalous and normal dispersion
regions increases when P0 increases. For P0 ¼ 300 mW, the optimum frequency offset
ðdGð�Þ=d� ¼ 0Þ in the anomalous and normal dispersion regions are given by �p=2	 ¼ 38:2 and
43.3 THz, respectively. The strong MI gain of �3600 m�1 in both cases could be achieved by utiliz-
ing a pump with a low peak power. The results obtained here represent a substantial improvement
over those reported previously for the MI process. In the previous work [13], the MI gain was only
less than 600 m�1 when the input peak power is 3 W. In another experiment [23], the signal got a
gain of less than 50 dB in a 2-cm-long silicon photonic wire with a peak power of 13.5 W for the

Fig. 3. Calculated transverse profiles of the electric field for quasi-TM polarization at (a) 1551 nm
and (b) 1543 nm.
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presence of the MI. Here, we would like to highlight that even if at the pump power P0 ¼ 100 mW,
the optical gain obtained in our work is above 1000 m�1 as seen from Fig. 4(c) and (d), which is still
outstanding compared to other works. These remarkable results are due to the negligible TPA and
large nonlinear coefficient, calculated to be up to 5400 W�1m�1, in the designed slot type SOH
waveguide. From Fig. 4(c) and (d) �p changes by nearly 2 THz when P0 is changed by 50 mW.
Thus �p is tunable by varying P0.

As a result of the MI process, the deep femtosecond modulation of the pump pulse in the pro-
posed SOH waveguide is studied. The temporal profiles of pulses for different propagation dis-
tances are shown in Fig. 5. The results are obtained by using a 250 mW pump pulse together
with the perturbation with the optimum frequency offset, which is more than 1000 times weaker
than the pump. It is evident that the deep modulations can be achieved in both anomalous and
normal GVD regions. As depicted in Fig. 5(a) and (c), the weak perturbation undergoes a dra-
matic amplification owing to the presence of the strong MI process in the SOH waveguide dur-
ing the propagation. It is shown that the pulses exhibit an obvious oscillatory tail after the
propagation distance of 3 mm. This is caused by the third-order dispersion since the pump
pulses are located near the zero GVD wavelength. Fig. 5(b) and (d) shows the zoom-in figures
of Fig. 5(a) and (c), respectively. The deep femtosecond modulations with the period of 27 and
24 fs are found in anomalous and normal dispersion regions, respectively. The results agree
well with the gain spectra as shown in Fig. 4 because the frequency offset in the normal disper-
sion region is larger than that in the anomalous dispersion region for the same pump pulses.

Fig. 4. MI gain spectra as a function of the input peak powers for (a) the anomalous and (b) normal
dispersion regions. (c) and (d) Two-dimensional gain profiles corresponding to (a) and (b), respectively.
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The period of the pulses does not show an obvious change with the increasing propagation dis-
tance because they depend on the frequency offset of the perturbations. The finding could play
an important role in the design of the ultra-short pulse train source since it generated the ultra-
short pulses on the chip scale and at the repetition rates higher than those attainable from
mode-lock lasers [24]–[26]. The pulse train generated could be very useful and contribute to a
better performance in ultra-fast optical signal processing, e.g., the FWM based optical sampling
[27], [28] and Optical demultiplexing [29]. Nevertheless, the uniformity, which apparently influ-
ence the applications of the pulse trains, is found to not always be perfect, as depicted in these
figures. It changes with the increasing propagation distance and becomes the best when the
propagation distance of the pulses reaches 4 mm. However, it becomes much worse as the
propagation distance further increases. As shown in Fig. 5(a) and (c), the pulse trains takes on
an obvious variation after 4 mm, and the main reason is considered to be the modulation effect
induced by the low frequency components. This means the optical components with lower fre-
quency shifts can also be amplified by the nonlinear effects. The new frequencies components
are created by the interaction of higher order dispersion and the nonlinear effect which results in
resonant radiation [30], [31]. In addition, P0 will be reduced by the linear loss of SOH wave-
guide. From Fig. 4 the optical components at lower frequency away from �p will be amplified,

Fig. 5. (a) Whole pulse shapes at different propagation distances in A, (b) the zoom-in figure of
(a) from j0.2 to 0.2 ps, and (c) and (d) the same results corresponding to B. The propagation dis-
tances are z ¼ 0, 2, 3, 4, 5, and 6 mm, respectively (from the bottom to the top).
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which may also induce a large variation of the pulse train. Therefore, the propagation distance
should be optimized so as to minimize the distortion induced by the third-order dispersion and
other linear or nonlinear processes mentioned above. In our work, the optimal propagation dis-
tance is chosen to be 4 mm.

4. Conclusion
In summary, we investigate the strong MI process at telecommunication band in a SOH slot
waveguide. The light is confined in the low-index slot which is filled with the organic material
PTS. Because of its high third-order nonlinear refractive index and negligible TPA, an optical
gain of �3600 m�1 can be achieved when the pump pulses with the peak power of 300 mW are
used. We also show that the deep modulations with the period of 27 and 24 fs can be achieved
and generate an ultra-short pulse train by using Gaussian pulses with a pulse width of 10 ps
and peak power of 250 mW in the anomalous and normal GVD regions, respectively. The pro-
posed device can find important application in the on-chip ultra-fast all-optical signal processing.
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